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Chapter 1
General introduction
When you read this page, your eyes jump from word to word. As a result, the
image moves across the retina but, despite these movements, the page appears to
be stationary in space. The retinal image can also shift or tilt as a result of head
movements. Although the image on the retina can be entirely different in position or
in orientation, due to self-made movements, the resulting percept is space constant.
The mechanism underlying the phenomenon of spatial constancy and its limitations
have been key issues in the study of perception of external space. In interpreting
the retinal image to construct a veridical spatial percept, the brain needs to combine
information from the visual system and the vestibular system. The first section of
this thesis concerns the integration of visual and vestibular signals in the perception
of external space.
Spatial orientation
A crucial requirement for survival is the ability to judge one’s body orientation and
position in space and to construct a representation of spatial relationships with re-
spect to surrounding objects. To determine the location of objects when making an
orienting movement, the brain may use a variety of representations. Depending on
the task, we may rely on an oculocentric coordinate system, a headcentric frame of
reference or a body-centered representation. The topic of interest here is a represen-
tation in earth (i.e. spatial) coordinates, relative to the direction of gravity, which
is the domain of external space perception. The perception of surrounding space
is based on a multisensory process, requiring the integration of visual, vestibular
and proprioceptive information (Howard 1982). Vision is by far the most important
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Figure 1.1 Schematic diagram illustrating how vestibular signals from the semicircular
canals and the otoliths can be transformed into spatial head motion and orientation signals
(from Angelaki et al. 1999).
sensory modality subserving spatial perception. However, since the eyes are carried
by the head, it is necessary to have an estimate of head orientation to transform the
information of the visual image into a spatial frame of reference. This information
may be derived from the image on the retina by the visual system itself. In a rich
environment, the retinal image may contain cues for the direction of gravity in fea-
tures of the visual world: the horizon, trees, water surfaces, buildings. In addition,
during movements of the head the image on the retina moves accordingly. From this
optic flow pattern, an estimate of head velocity can be obtained. However, in the
absence of such visual cues, the brain can rely on sensors in the inner ear where in-
formation on movements of the head and the position of the head relative to gravity
is processed by the vestibular system (see Figure 1.1).
The two vestibular labyrinths, located within the inner ears at both sides of the
head, consist of the otolith organs, sensitive to linear accelerations, and of three
semicircular canals that respond to angular accelerations of the head. The semi-
circular canals are endolymph-filled rings that are closed off by a membrane, the
cupula, which bulges during angular head accelerations due to inertia of the fluid.
Movements of the cupula are sensed by the hair cells of the neuroepithelium to
which it is connected. Due to the mechanical properties of the cupula-endolymph
system, it is insensitive to low frequency rotations. In addition, its output reflects
angular velocity rather than angular acceleration of the head. The arrangement in
three mutually orthogonal planes enables the semicircular canals to detect rotations
about any axis in space.
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The otoliths organs, the utriculus and the sacculus, respond to linear accel-
erations. The hair cells of the neuroepithelium end in the otolithic membrane, a
gelatinous mass containing calcite crystals with a higher density than the surround-
ing endolymph. As a result, the otolithic membrane slides down when the head is
tilted and lags behind during head accelerations. Since all direction sensitivities are
covered by the population of hair cells, linear accelerations in all three dimensions
can be detected.
Since the otoliths respond in the same way to translations of the head and to the
changed pull of gravity during head tilt, their output represents the resultant linear
acceleration, which is equal to the vector sum of the translational and gravitational
components. However, to maintain a veridical percept of spatial orientation, it is
necessary to distinguish between head translation and head tilt. It has been sug-
gested that information from the semicircular canals is used to solve this ambiguity
problem (Angelaki et al. 1999; see also Chapter 2). During pure head translations
the semicircular canals are not stimulated. Tilting the head, however, involves a
head rotation that also is sensed by the canals. Figure 1.1 shows that by combining
canal and otolith information, the latter can be disambiguated and separated in an
orientation and a translation signal. In addition, the resulting estimate of head ori-
entation can be used to transform the signals from the semicircular canals to spatial
coordinates. This transformation is held responsible for the fact that the vestibulo-
ocular reflex depends on the orientation of the rotation axis relative to gravity.
The internal representation of gravity
An interesting violation of orientation constancy has been discovered by Aubert in
late 19th century (Aubert 1861). He noticed that a streak of light in an otherwise
dark room appeared to tilt when he tilted his head laterally. This phenomenon has
been extensively explored in the subjective visual vertical paradigm, in which the
subject is instructed to align a visual line to the direction of gravity in an otherwise
dark environment. Subjects can perform this task accurately when the head is in
upright position, but make large, systematic errors when they are subjected to lateral
body tilt (see Figure 1.2, lower panel). For tilts beyond 60◦, the line is set as if body
tilt is undercompensated or underestimated. For example, if a subject is tilted 90◦ to
the right about his nasooccipital axis, he will set the line to the right of the physical
vertical. This phenomenon is commonly referred to as the Aubert effect (A-effect,
for short). Some subjects show errors of the opposite sign when subjected to small
tilts (Mu¨ller effect, E-effect for short). It has been suggested that uncompensated
torsional eye movements may be involved in this phenomenon (De Graaf et al.
1992; Wade and Curthoys 1997).
In a discussion on the mechanisms underlying this error pattern, Mittelstaedt
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provided an interesting theoretical framework (Mittelstaedt 1983, 1988). When per-
forming the subjective vertical task, the brain needs to know the orientation of the
head in space and the orientation of the line relative to the head. To test the head-
in-space signal, Mittelstaedt asked subjects, lying on a tiltable bed, to rotate them-
selves to a 90◦ roll position. Since subjects were very well able to rotate themselves
to the required horizontal position, it was concluded that their head-in-space signal
was not to blame. Furthermore, other studies have shown that subjects make only
small errors in judging the orientation of a visual line relative to the head, irrespec-
tive of line orientation and head position, indicating that the visual system is able
to provide a correct representation of the orientation of the line relative to the head.
So, inaccuracies in neither the gravity nor the visual signals can directly explain the
large errors in the subjective vertical. Therefore, Mittelstaedt proposed the action
of an internal bias signal, the ‘idiotropic vector’. The idiotropic vector represents a
tendency to align the visual line with the long body axis, independent of the roll an-
gle sensed by the vestibular system. According to the theory, the subjective vertical
is the vector sum of the idiotropic vector and the estimate of gravity (Figure 1.2,
upper panel) derived on the basis of utriculus and sacculus signals. Due to sup-
posed imperfections of these signals, the absence of the idiotropic vector would
result in a moderate E-effect for small tilt angles in combination with a moderate
A-effect for large tilts (lower panel, M = 0). The idiotropic vector limits the size
of the E-effect for small tilts, but at the cost of increasing the A-effect at large tilt
angles (lower panel, M = 0.48). Since systematic errors are thereby reduced in the
small tilt range, that is encountered most often, the intervention of the bias signal
can be seen as a computational strategy that accepts the larger A-effect at the rarely
encountered large tilts as the price to be paid.
In addition, a second advantageous effect of the idiotropic vector is the reduc-
tion of noisy scatter for small tilts. As illustrated in the upper panel of Figure 1.2,
the length of the resultant decreases with tilt angle. It is hypothesized that the vari-
ance in luminous line settings is inversely proportional to the length of the resultant
vector. So, random errors are smallest for small tilts. In summary, according to
this theory, the action of the idiotropic vector results in an increased performance
in the natural tilt range, both with respect to systematic and random errors, while
deteriorating performance during large tilts.
As indicated before, earlier studies have indicated that subjects are quite able of
positioning themselves horizontally (Mittelstaedt 1983; Mast and Jarchow 1996).
What has been lacking is a systematic study testing the sense of body tilt during tilts
imposed across the entire tilt range. Chapter 2 of this thesis describes such experi-
ments in subjects undergoing sideways body tilt in the range from 0 to 180◦. In the
same experiments the perception of external space was tested using the visual-line
4
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Figure 1.2 Upper panel: Schematic illustration of the subjective visual vertical (SVV) as
resultant of the internal estimate of the gravity vector (G) and the idiotropic vector (M), that
is aligned with the long body axis (modified from Mittelstaedt 1983). Lower panel: mean
response error in estimates of the subjective vertical obtained with the visual-line paradigm
as a function of roll angle ( , mean of 12 subjects, data from Udo de Haes 1970). Positive
errors denote A-effects, whereas negative errors indicate E-effects. The thin lines (—) show
predicted error profiles according to Mittelstaedt’s idiotropic vector theory: in the absence
of the idiotropic vector (M=0) and fitted to the data of Udo de Haes (M=0.48).
paradigm and a saccadic pointing method. We tested earlier claims that the subjec-
tive earth-reference frame is nonorthogonal (Betts and Curthoys 1998) by requiring
both subjective vertical and subjective horizontal settings. The data were subjected
to a principal-component analysis that allowed us to make a distinction between
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systematic and random errors in each task without the need to pool data across
subjects. Although the results showed that the sense of body tilt in these passive
experiments was far from perfect, systematic errors were nevertheless consider-
ably smaller than in external space perception. We wondered whether performance
would improve considerably in the case of active body tilt where additional sources
of information may be available. Therefore, the sense of body orientation in space
and the subjective visual vertical were tested when the same subjects adopted vari-
ous lateral body tilt postures in complete darkness. These experiments, described in
Chapter 3, showed a very clear improvement in body tilt estimates but performance
in external space perception was virtually unaffected. In an attempt to reconcile
these remarkable differences, Chapter 3 includes a discussion of various spatial-
orientation models.
Visual and vestibular control mechanisms for rapid gaze shifts
Although the visual field is large, the capacity for the analysis of fine spatial detail
is limited to the fovea, a small specialized area at the center of the retina where pho-
toreceptors are densely packed. Visual acuity deteriorates steeply from the fovea to
the peripheral retina, where receptor density is relatively low providing only coarse
vision. As a result, when we want to examine an object in the visual periphery, we
have to move the fovea to it to ensure best quality vision needed for a detailed in-
spection. To meet this need, primates have evolved the saccadic system to shift the
line of gaze to a new point of interest. These eye movements are very fast, reaching
peak velocities exceeding 700◦/s and show a stereotyped relation between metrics
and kinematics (the ‘main sequence’).
Since visual processing in the retina is relatively slow, a stable image on the
fovea is required to allow high acuity vision. A second class of eye movements
prevents motion of the retinal image (‘retinal slip’), by stabilizing the image when
the object moves in the world or when the head itself moves. For example, smooth
pursuit eye movements are used to track moving objects. To prevent retinal slip dur-
ing movements of the head, the eyes counter-rotate at an equal velocity through the
action of the vestibulo-ocular reflex (VOR). The resulting slow phase eye move-
ments are interrupted by vestibular quick phases, rapid eye movements into the
direction of head movement. The resulting pattern of alternating slow phases and
quick phases is called vestibular nystagmus (Figure 1.3).
Although saccades and quick phases have strong similarities in their kinematic
properties (Ron et al. 1972), it is important to consider that both classes of rapid
eye movements are quite distinct in several respects. As has been emphasized be-
fore (Robinson and Zee 1981), the two types of rapid eye movements are made in
different behavioral contexts and have their origin in different neural systems. The
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Figure 1.3 An example of vestibular nystagmus elicited by passive head rotation about
a vertical axis in the dark. The vestibulo-ocular reflex generates slow phase eye move-
ments to compensate for head motion. Compensatory slow phases are alternated with anti-
compensatory quick phases that move the eye into the direction of head motion past straight
ahead position. Unpublished data from monkey BR.
saccadic foveation system is a phylogenetically recent targeting system, operating
under voluntary control, that allows frontal-eyed animals with a specialized retina
to direct the line of gaze rapidly toward an object that has been selected by a goal-
selection system for closer scrutiny. This system can be activated by a variety of
sensory modalities (visual, auditory, somatosensory).
The second system capable of generating rapid eye movements, the more an-
cient quick-phase system, becomes active in reflex-like fashion in both foveate
and non-foveate animals during head movements, whether active or passive. These
quick phases, which are anti-compensatory, prevent the eyes from becoming stuck
at the border of the oculomotor range during the compensatory eye movements
generated by the VOR (see Figure 1.3). However, quick phases not just reset the
eye to center but serve the more general function of rapidly directing the eye into
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Figure 1.4 Rapid eye movements are coded at
the component level by excitatory burst neu-
rons (EBNs, indicated here by HOR and VER)
that project to the ocular motorneurons (not
shown). EBNs are gated by the omnipause
neurons (OPNs, denoted by P). The EBNs can
be called into action to generate quick phases
via the burster driving neurons (BDNs), that
also code movement parameters temporally at
the component level. Goal-directed saccades
are generated by inputs from the superior col-
liculus (SC) where saccade vectors are repre-
sented in a spatial map.
the direction where one is moving. These properties of the quick-phase system
have been studied by Chun and Robinson (1978) during passive head rotations in
the dark. They concluded that the quick phases direct the eyes toward a hypothet-
ical center of interest which lies further ahead when the head movement is faster.
For this reason, Chun and Robinson considered the quick-phase system as goal di-
rected, just like the saccadic system. The difference is that the goal is now a general
area of interest, not a specific object to be foveated. They did not consider the prob-
lem how the saccadic and the quick-phase system may function under conditions
when both are activated in parallel. The interaction between visual and vestibular
signals in the control of rapid eye movements has been topic of study in Chapters 4
and 5 of this thesis.
Neural control of rapid eye movements
It is well established that the generation of goal-directed saccades and of quick
phases of nystagmus depends on a common brainstem circuit involving excitatory
burst neurons (EBNs) and omnidirectional pause neurons (OPNs), known as the
pulse generator (Figure 1.4). EBNs are component specific, which means that they
discharge for either the horizontal or the vertical eye movement component. The
burst contains information about component parameters of both types of rapid eye
movements: the number of spikes in the burst is closely correlated with compo-
nent amplitude, spike frequency with component velocity, and burst duration with
component duration.
It has been found that EBNs are under inhibitory control by OPNs that are
continuously active during fixation and during the slow phase of nystagmus, and
cease firing during both saccades and quick phases. It is well established that the
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Figure 1.5 Recordings of a fixation neuron (FN) and a saccade related burst neuron (SRBN)
in the SC and of an omnipause neuron (OPN) and an excitatory burst neuron (EBN) of the
pulse generator. Each panel shows, from top to bottom, a spike raster showing the discharge
of a neuron as a function of time during several trials, the instantaneous firing rate, the eye
position traces from the same trials, and traces illustrating the timing of target stimuli. Both
OPN and EBN show a very tight relation with saccade onset and duration (adapted from
Munoz et al. 2000).
omnipause neurons, that do not exhibit directional tuning, gate the burst neurons
and in this way control the timing of all rapid eye movements. This is supported by
the finding that electrical microstimulation of the omnipause region interrupts on-
going saccades (Gandhi and Keller 1999) and that prolonged stimulation prevents
initiation of both voluntary saccades and vestibular quick phases (Keller 1974).
Figure 1.5 shows examples of recordings from EBNs and OPNs (lower panels).
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There is clear evidence that the pathways for saccades to visual, auditory and
tactile targets have already converged at a higher level in the oculomotor pathway,
namely at the level of the superior colliculus (SC). This laminated structure in the
mesencephalon plays an important role in the sensory-motor transformation for the
control of saccadic eye movements (Sparks 1986). It can be divided in two func-
tional parts: the superficial visual layers and the intermediate and deeper motor
layers. The superficial layers receive direct retinal inputs as well as inputs from
other visual areas. Neurons in these layers display a burst after the onset of a visual
target in their receptive field. The intermediate and deeper motor layers receive di-
rect projections from many cortical areas (e.g. frontal eye field, parietal cortex and
primary visual cortex). Saccade-related burst neurons (SRBNs) found in the motor
layers of the colliculus discharge prior to and during saccades (Figure 1.5). SRBNs
have movement fields, which means that they are only active during saccades in a
limited range of directions and amplitudes. Since nearby cells have similar move-
ment fields, colliculus neurons are organized into a two-dimensional topographic
map of the contralateral hemifield (Ottes et al. 1986). A large portion of the map is
devoted to the central visual field (Figure 1.6). In the region of smallest saccades,
so-called fixation neurons (FN) have been found that show maintained activity dur-
ing active fixation (Figure 1.5).
Saccades can be evoked by low current electrical stimulation in the motor layers
(Robinson 1972). Saccade amplitude and direction correspond to the location of the
stimulation site on the collicular map. Stimulation of fixation neurons in the rostral
pole prevents saccades.
The role of the colliculus in the control of quick phases has only been studied
in a few papers. There is some indirect evidence that quick phases also have a neu-
ral representation in the colliculus map. For example, Schiller and Stryker (1972)
found that burst cells that become active during goal-directed saccades, may also
show movement-related activity during quick phases. There are no data on the spa-
tial extent of the quick-phase related activity and on its relation to the topographic
map for saccades. However, vestibular quick phases can still be made after com-
bined ablation of SC and FEF has abolished all visually-evoked saccades (Schiller
et al. 1980). Therefore, it remains to be seen whether this activity is critical in the
generation of quick phases.
In contrast to goal-directed saccades which have only two degrees of freedom,
quick phases can be made in all three dimensions (horizontal, vertical and tor-
sional). Since the collicular map is two dimensional (Van Opstal et al. 1991) it
clearly cannot explain the occurrence of torsional quick phases. Quantitative mod-
els attempting to describe their neural basis have ignored the SC and have focussed
on brain stem mechanisms downstream of the superior colliculus (Galiana 1991;
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Figure 1.6 Neurons in the superior colliculus (SC) are organized into a two-dimensional
topographic map representing the contralateral hemifield, that specifies the relation be-
tween the locus of activity in the map and the saccade vector. Black and grey dots illustrate
how sites in the colliculus correspond to saccade vectors. Actual activity during rapid eye
movements extends the area of the dots. The map is non-homogeneous in that an area in
the central visual field covers more collicular surface than an equally sized area of the
peripheral field.
Anastasio 1997). There is evidence that burst driving neurons (BDNs) play an im-
portant role in the transformation from vestibular input to quick phase related acti-
vity in the EBNs (Kitama et al. 1995; for review see Markham 1996). BDNs receive
information from the semicircular canals as well as from the SC and project to the
EBNs (Okhi et al. 1988). In line with the temporal coding at the component level
in the semicircular canals and the EBNs, BDNs specialized for the horizontal and
the vertical component have been identified in the cat. Horizontal BDNs are excited
by contralateral horizontal head rotation and exhibit a burst of spikes related with
contralateral quick phases and saccades (Figure 1.7).
As this brief review of the control of fast eye movements shows, saccadic and
quick-phase signals are represented jointly at two levels in the oculomotor system.
The fact that there is quick-phase activity in the SC, where the spatial code speci-
fies saccade vectors, suggests the possibility that interaction may occur at this level
when both systems are simultaneously active. A second stage for possible conver-
gence is found at the level of BDNs and EBNs which code rapid eye movements at
the component level. To explore these possibilities, saccades were elicited during
concurrent vestibular stimulation. Chapter 4 describes the effects of passive head
rotation on saccades elicited by electrical stimulation in the monkey SC. The met-
rics and kinematics of the electrical saccades were compared to model predictions
assuming interaction at a vector-coding stage or at a component level. The results
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Figure 1.7 Recordings of burster driving neurons (BDNs). During horizontal sinusoidal
head rotation, firing rate was approximately proportional to contralateral head velocity
(panel A). Panels B-D display recordings during nystagmus induced by contralateral (B)
and ipsilateral (C) head rotation in the light and during spontaneous saccadic eye move-
ments (D). Each panel shows, from top to bottom, spike activity, instantaneous firing rate
(FR), and horizontal (H) and vertical (V) eye position traces. BNDs show bursts associated
with contralateral quick phases and spontaneous saccadic eye movements (from Kitama et
al. 1995).
were interpreted in terms of convergence at a component-coding stage downstream
of the colliculus. To gain more insight in the hierarchy of visual and vestibular
control signals for the generation of rapid eye movements, in Chapter 5 saccades
were elicited by presenting a flashed visual target while the human subject was
being rotated. Metrics and timing of all eye movements made after the flash were
examined. The experiments yielded clear evidence that saccadic and quick-phase
command signals can merge into a compromise response.
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Chapter 2
Properties of the internal representation
of gravity inferred from spatial-direction
and body-tilt estimates
2.1 Introduction
Background: current issues in spatial perception
In this chapter we investigate the ability of human subjects to indicate the cardinal
directions (horizontal and vertical) of external space when tilted sideways at various
angles. A classical test of the subjective earth-reference frame requires the subject
to align a visual line either to the perceived direction of gravity, or to the estimated
direction of the horizon, in an otherwise dark environment. To perform this task, the
brain has to reconstruct the position of the head in space which is not immediately
available from the raw vestibular input signals. Recent work on the vestibulo-ocular
reflex has strongly suggested that the brain is able to construct an earth-centric
representation of head velocity and head position (Angelaki and Hess 1994; Hess
and Angelaki 1997a; Merfeld 1995; Pettorossi et al. 1999) and various models on
how this might be done have been proposed (Angelaki et al. 1999; Glasauer and
Merfeld 1997; Merfeld et al. 1999; Raphan and Sturm 1991).
Earlier studies on the subjective earth-reference frame, mostly concentrating
on the subjective visual vertical, have shown that the ideal of veridical performance
is not achieved. When tested in darkness, subjects show a remarkable pattern of
Adapted from: Van Beuzekom and Van Gisbergen (2000) J. Neurophysiol. 84: 11-27
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systematic errors at tilts beyond 60◦, as if body tilt is undercompensated or under-
estimated (A-effect). At smaller tilt angles, errors with an opposite sign (E-effect)
may occur (for review, see Howard 1982, 1986). These consistent deviations from
orientation constancy have received much attention as potential clues to the under-
lying neural mechanisms (Mittelstaedt 1983). Qualitatively similar deviations from
orientation constancy have been observed in the behavior of optokinetic afternys-
tagmus at various tilt angles (Dai et al. 1991). This similarity suggests that spatial
perception and reflexive eye movements may rely on a shared gravicentric signal
as has been proposed on more general grounds (Glasauer and Merfeld 1997).
Objectives of the present study
To explore the notion of a common gravicentric signal, we have studied whether the
subjective earth-reference frame is similar when tested with two different paradigms.
We performed two series of experiments, where subjects used either their visual
system or their oculomotor system to tap their gravicentric signals. The experi-
ments made use of the visual-line paradigm and of saccadic pointing, both to as-
sess the subject’s estimate of the direction of gravity and the subjective horizontal.
If both paradigms indeed get their signals from a common gravicentric representa-
tion, one would expect the results to be very similar. Earlier work, where the visual
and the oculomotor pointing paradigm were used in isolated experiments (refer-
ences below), appears inconclusive. It is unclear whether the different results that
were obtained are paradigm related or due to differences in experimental condi-
tions. Our results, obtained for the first time in the same conditions and the same
subjects, show that both paradigms yielded comparable results in many important
respects.
A further issue investigated in these pointing experiments is whether the subjec-
tive earth-reference frame is nonorthogonal as indicated by two earlier oculomotor
studies that yielded clear differences in performance depending on whether the task
required verticality or horizontality judgments (Pettorossi et al. 1998; Wood et al.
1998). This result led Pettorossi et al. to propose that the percept of verticality may
be more primal and therefore more veridical. However, in similar experiments with
the visual paradigm (Betts and Curthoys 1998) the nonorthogonality was smaller,
less consistent and reversed in sign. Again, a major difficulty in interpreting these
various results is that the experimental conditions in all three studies were differ-
ent, making it impossible to assess whether performance is really task-dependent
(horizontal versus vertical) and to what extent the conflicting results reflect the use
of a different paradigm (visual versus motor). To isolate these factors, we used both
paradigms and both tasks in the same subjects in otherwise identical experimental
conditions. Rather than concentrating on a limited set of tilt angles, like in these
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earlier studies, we investigated the entire range (from -180 to 180◦).
Attractive as the notion of a shared gravity signal may seem as an economical
computational strategy, some data in the literature suggest that its actual applica-
tion by the brain may be subject to unexpected restrictions. In the domain of spatial-
perception studies, it has been emphasized that tilted subjects are quite good at esti-
mating their body tilt in space while making large systematic errors in earth-centric
orientation judgments (Mast and Jarchow 1996; Mittelstaedt 1983). To investigate
whether these earlier results, which were only collected at a single tilt angle (90◦),
are representative for the entire range, we have obtained verbal body-tilt estimates
at all tilt angles from the same subjects in the same trials as where the pointing
responses were obtained. While the results confirm earlier findings that errors in
body-tilt estimates and earth-centric judgments are clearly different in magnitude,
our analysis suggests that they may nevertheless reflect essentially similar compu-
tational mechanisms with different settings.
2.2 Methods
Subjects
Six healthy subjects (five male, one female), aged between 20 and 54 years, partic-
ipated in the experiments. Three of them (AB, JG and MS) had knowledge about
the purpose of the experiments, whereas the others were naive.
Setup
Seated in a computer-controller vestibular stimulator in a dark room, the subject
was rotated about his naso-occipital roll axis to a new tilt position using a constant
velocity of 15◦/s. Roll position was measured using a digital position encoder with
an angular resolution of 0.04◦. The subject’s seat was adjusted in height so that
the cyclopean eye coincided with the axis of rotation. The trunk was tightly fixed
with seat belts and adjustable shoulder and hip supports; the legs were restrained
by Velcro straps. The head was firmly stabilized in the natural upright position for
looking straight-ahead with a padded adjustable helmet.
In the oculomotor sessions, two-dimensional eye position was measured with
the coil technique (Collewijn et al. 1975) using oscillating magnetic fields gener-
ated by two sets of orthogonal coils (0.77×0.77 m) inside the vestibular stimulator.
The signals from the eye coil were amplified, demodulated and low-pass filtered
(200 Hz) and sampled at 500 Hz per channel.
An array of red light-emitting diodes (LEDs) was used for eye-coil calibration.
Its center LED served as a fixation light during the oculomotor task. Other LEDs
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were positioned on the intersections of three circles at 11, 22 and 31◦ and 12 merid-
ians. The screen was attached to the vestibular stimulator with the center LED on
the subject’s roll axis at 1.15 m from the cyclopean eye. For calibration, subjects
fixated the central fixation LED and each of 36 peripheral targets.
In visual-line experiments, the subject adjusted the orientation of a linear array
of 5 equally-spaced LEDs with an angular subtense of 17◦, mounted at a 1.00-m
distance. The line could be set accurately by remotely-controlled rotation in either
direction, at adjustable speed. The rotation axis intersected the center LED and
was collinear with the subject’s roll axis. Its setting was measured using a digital
position encoder with an angular resolution of 0.35◦.
Experiments
Roll angle (ρ) was defined as the angle of the longitudinal body axis with the earth
vertical, taken positive for right-ear-down rotations. All subjects were given a few
practice runs to get used to the vestibular stimulation and the paradigm.
In all experiments, we tested 37 roll angles equally distributed across the en-
tire range. Roll-tilt trials started form the upright position (ρ = 0) and alternated
between clockwise and anticlockwise; final tilt angle was varied randomly. To al-
low most of the post-acceleration effects in the semicircular canals to subside, tasks
did not start until 24 s after completion of the rotation. After taking measurements
in the tilted position, the chair returned to the initial position. Subsequently, room
lights were switched on for about 10 s to give the subject the possibility to reorient.
In all experiments, vision was binocular. Subjects never received feedback about
their performance.
We used three different paradigms to test the subject’s ability to judge orienta-
tions in external space relative to gravity as well as his perception of body tilt:
Visual-line paradigm In these experiments, the task was to align the visual line
with either the estimated earth horizontal or earth vertical, in separate sessions. In
darkness, the visual line was first set in a random orientation by the experimenter.
After the 24 s waiting period in the tilted position (see above), the visual line was
switched on for 12 s. Within this period the subject had to align the visual line
according to instruction with the horizontal or vertical by remote control.
Oculomotor paradigm In the oculomotor paradigm, saccadic eye movements were
used to indicate the perceived earth horizontal and vertical. Following the waiting
period in the tilted position, the center fixation LED was presented for 2 s. The
subject’s task was to first fixate the LED until it extinguished, then to shift gaze
to a peripheral position on the estimated horizontal. After 1.5 s, the center LED
again lit for 1 s as a cue to reset gaze whereupon the subject made a saccadic-
pointing response in the opposite direction along the subjective horizontal. The
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third requested refixation was upward (to the ceiling) and the final one downward
(to the floor). The result of this task, when properly performed, was a cross-like
figure whose arms were aligned with the gravity vector and the earth horizontal.
Body-tilt estimation paradigm In both oculomotor and visual-line sessions, the
subject was requested to verbally report his estimated tilt position immediately after
the 24-s waiting period, using a clock scale as if his body were the minute hand.
Accordingly, an estimated 90◦ right-ear-down tilt was reported as ‘15 minutes past
the hour’.
Data analysis
Horizontal and vertical eye-coil signals were calibrated off-line using the fixation
data obtained in the eye-coil calibration run (see above). Two neural networks,
one for each position component, were trained to fit the raw fixation data to the
target locations (Melis and Van Gisbergen 1996). Each network consisted of two
input units (representing the raw horizontal and vertical signal), three hidden units
and one output unit (representing the desired calibrated horizontal or vertical po-
sition signal). Raw eye-coil signals were subsequently calibrated by applying the
resulting feedforward networks. Calibration errors were typically less than 0.5◦on
average.
Saccade detection was performed on the calibrated eye position signals on the
basis of separate velocity and acceleration/deceleration criteria for saccade onset
and offset, respectively. Detection markings were adjusted by the experimenter, if
necessary.
The visual-line setting was defined as the smallest angle between the final ori-
entation of the line and the gravitational vertical, in the visual vertical experiments,
and between the line and the earth horizontal in the visual horizontal experiments.
The direction of the oculomotor responses was described in a similar fashion. Each
arm of a saccadic cross (left, right, up and down) typically consisted of a sequence
of saccades. The direction of such a response was defined as the direction of the
most eccentric saccade endpoint relative to the center LED. Rightward and leftward
direction were then defined as the angle between the earth horizontal and the direc-
tion of the rightward and leftward response, respectively. Upward and downward
responses were defined relative to the physical vertical. The mean of the leftward
and rightward response in a given trial will be denoted as oculomotor horizontal,
the average vertical response as oculomotor vertical.
Trials in which the visual line was still being adjusted after the LEDs had been
switched off were discarded from further analysis. Similarly, we excluded oculo-
motor trials in which the subject did not fixate the center LED accurately (> 5◦
error) or in which the response amplitude was too small (most eccentric saccadic
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endpoint < 10◦). The rare trials (< 2%), where subjects had obviously mixed up
the sequence of required horizontal and vertical responses, were left out. Sessions
in which more than three trials did not meet the criteria were rejected altogether.
To compare the results from different tasks and paradigms, and to characterize
intersubject differences, we applied a principal-component analysis to the visual
line and oculomotor data (Sokal and Rohlf 1981). The purpose was to character-
ize how the result from any given paradigm in a particular session, to be denoted
as γ(ρ), deviated from the overall mean response in all sessions, M(ρ), calculated
from the pooled data of all different tests (visual horizontal and vertical, oculomo-
tor horizontal and vertical, verbal body-tilt estimates). Accordingly, the difference
κ(ρ) = γ(ρ)−M(ρ) was computed for the spatial perception results and the ver-
bal estimates obtained in each session, yielding an m× n matrix K where m = 60
equals the total number of κ(ρ) profiles and n = 37 equals the number of tested roll
angles. The principal components, P1(ρ),P2(ρ), ...,Pn(ρ), correspond to the eigen-
vectors of the covariance matrix of K. The accompanying eigenvalues {λ1, ...,λn}
express how much each particular principal component contributes to the descrip-
tion of differences among individual responses. Thus, principal components with
larger eigenvalues capture more of this variability than the higher-order components
which have smaller eigenvalues.
The response from each session can be exactly described as a combination of
M(ρ) and n scaled principal components:
γ(ρ) = M(ρ)+a1 ·P1(ρ)+a2 ·P2(ρ)+ ...+an ·Pn(ρ) (2.1)
Note that P1(ρ),P2(ρ), ...,Pn(ρ) and M(ρ) are common for all subjects and that
γ(ρ) and a1,a2, ...,an are test and session specific. The contributions of the princi-
pal components describe deviations from the overall mean (M).
Since there were small differences (typically less than a few degrees) in applied
roll angles among sessions, the data were linearly interpolated to roll angles at
10◦ intervals (-180, -170, ..., 180◦), to allow the principal-component analysis that
requires measurements at equal roll angles.
2.3 Results
We will first give a qualitative survey of the results from the different types of
experiments, concentrating on the pattern of systematic and random errors.
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Figure 2.1 Response errors in the visual, oculomotor and body-tilt estimation paradigms.
The six subjects were examined at least once in each paradigm. Since some were tested
more often (see Table 2.1), the various panels contain a different number of sessions
(visual vertical 8, visual horizontal 8, oculomotor vertical 10, oculomotor horizontal 10,
verbal report of estimated body tilt 24).
Left-hand column: Response error in separate sessions plotted as a function of roll angle.
Note that in both pointing paradigms (visual and oculomotor) considerable A-effects were
present for the large tilt angles. In both oculomotor vertical and body tilt estimates some
subjects showed a clear E-effect at small tilt angles. Some body-estimate profiles also
displayed E-effects for the large tilt range.
Right-hand column: The mean errors and standard deviations computed from the data in
the left-hand panels. Error bars denote one SD. Note that the mean errors in the body-tilt
estimates were smaller than those in the pointing paradigms.
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Qualitative observations on performance in various tasks
The responses of all six subjects in the subjective horizontal and vertical tasks are
shown in the four upper rows of Figure 2.1, both for the visual line and the ocu-
lomotor paradigm. The body-tilt estimates, shown in the bottom panels, will be
discussed later. The left-hand panels contain the responses from all sessions, while
the accompanying mean and standard deviations are shown in the right-hand pan-
els. The vertical axis, γ(ρ), shows the deviation of the actual response from the
required response. For example, in the upper left panel we see a clear tendency for
clockwise deviations (shown as positive) when subjects were tilted right-ear-down
(ρ positive) in excess of 60◦. This means that their subjective vertical deviated
from the true vertical in the same direction as their body was tilted. Thus, this scale
gives a direct representation of the orientation of the actual setting that was made.
Similarly, for large left-ear-down tilts, we again see large errors, biased in the di-
rection of body tilt. This kind of responses is known as the Aubert effect (A-effect
for short) that has frequently been described for large tilt angles. We will use the
term A-effect to denote errors of this type, also when they occurred at small tilt
angles, as was sometimes the case. The term E-effect will denote errors of the op-
posite type, again regardless of the tilt angle where they occurred. The patterns of
errors in the horizontal and vertical responses obtained with the visual-line method
were rather similar. Neither the mean visual horizontal nor the mean visual vertical
showed systematic E-effects, but clear A-effects were present for roll tilts beyond
60◦.
In the oculomotor paradigm, response curves again show clear A-effects at
large tilt-angles, in line with the visual data. Also outside this range, there is a strik-
ing similarity between the subjective horizontal results obtained with either para-
digm. In both data sets we only see A-effects which become gradually smaller as tilt
decreases. Inspection of the mean oculomotor vertical response shows right away
that these data deviate from the oculomotor horizontal data. Upon close inspection,
the trend toward smaller A-effects, or even the emergence of E-effects at small tilts,
visible in the vertical results is also recognizable in the visual data. As the mean
oculomotor vertical curve shows, the phenomenon is much more pronounced here.
These points, related to the issue of nonorthogonality (see Introduction), are further
considered in the next section.
In most sessions, subjects were asked to report their estimated body tilt (see
Methods). As can be observed in the bottom panels of Figure 2.1, their performance
was generally far from flawless. Like in the pointing experiments, the body-tilt
perception data show systematic errors in the direction of tilt underestimation (A-
effect). Along with this similarity, two striking properties of the verbal responses
are worth noticing: mean systematic errors are clearly much smaller but the scatter
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Figure 2.2 Degree of orthogonality in the visual and oculomotor paradigm responses. To
test the orthogonality of responses in both paradigms, the difference between the horizontal
and vertical errors is shown as a function of roll tilt (—). In cases where a subject was tested
more than once, the average difference between the horizontal and vertical response curves
was calculated. Both overall mean difference curves ( ) show generally the same pattern
of deviations from orthogonality, with a change of sign for the large roll angles, showing
that the nonorthogonality is not constant. The nonorthogonalities in the visual data (upper
panel) are quite small, and only consistent for small tilts. A more distinct and systematic
pattern can be observed in the oculomotor data (lower panel). A weak correlation (r = 0.22,
n = 6) was present between the orthogonality in both paradigms (not significant).
in responses seems actually larger, at least in the small tilt range.
Nonorthogonality The fact that the response curves for the horizontal and verti-
cal tasks have different shapes means that they are nonorthogonal. As a measure
of this internal inconsistency, Figure 2.2 shows the difference between the two re-
sponse curves from the same subject. As can be seen, the difference curves for both
paradigms show equal-sign deviations from perfect orthogonality (i.e., a zero dif-
ference) in the range of modest tilts. In the visual data the effect is quite modest and
only systematic at small angles of tilt, reaching a maximum of not more than 11.7◦
in the average (bold curve). The oculomotor orthogonality, which has the same sign
as found by Pettorossi et al. (1998) and Wood et al. (1998), is clearly more robust
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Figure 2.3 Normalized eigenvalues of
principal components. The eigenvalue
(λ ) denotes how much each principal
component contributes to the complete
description of the variance in the data.
Parameter k denotes the rank order of
principal components based on the size
of their eigenvalue. Note the steep de-
cline in eigenvalues with rank order.
Only the first 25 out of 37 eigenvalues
are shown.
(maximum in the mean: 16.9◦) and more consistent.
Quantitative analysis of task performance
By raising the question to what extent session differences are task, paradigm and
subject related, the data in Figure 2.1 portray a major challenge for further analy-
sis which now has to be faced. An appropriate assessment of paradigm- and task-
related differences, which also can take into account intersubject variability, ne-
cessitates an analysis that extracts relevant characteristics from the large data set
available. Principal-component analysis nicely meets these requirements.
Principal-component analysis We used principal-component analysis to charac-
terize the differences among the individual responses (see Methods). In this way, a
set of independent, orthogonal basis functions, which describe the variability in the
data most economically and without a priori assumptions, was calculated. To be
useful for our purpose, however, it is important that the first few principal compo-
nents can already account for much of the variability. This point will be considered
first.
The principal-component analysis, performed on the pooled pointing and verbal
data, yielded 37 principal components equaling the number of tested roll angles
(see Methods). The normalized ordered eigenvalues (λ ) are shown in Figure 2.3.
An eigenvalue of 0.10 means that the associated principal component can account
for 10% of the variability in the data set. Note the steep decrease in eigenvalue as
a function of the order of the principal component. The data in Figure 2.3 suggest
that the contributions of the higher order principal components (k > 3), with very
small eigenvalues, may represent mainly noisy performance variations rather than
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Figure 2.4 Overall mean and first three
principal components. The overall mean
(M), first (P1), second (P2) and third (P3)
principal components with accompany-
ing eigenvalues (λ ), that were used to
describe the individual response curves
according to Eqn. 2.2. See text in sec-
tion ‘Quantitative analysis of task perfor-
mance’ for further details.
systematic trends in the data. Before considering this point further, we first examine
the general features of the most dominant principal components that characterize
the differences among individual session results relative to the overall mean (see
Methods, Eqn. 2.1).
In Figure 2.4, the overall mean response as well as the first three normalized
principal components are shown together with their eigenvalues. The overall mean
response (M) was calculated from the pooled data containing all pointing results
and body-tilt estimates. Note that M roughly resembles the mean visual horizontal
and vertical settings as well as the mean oculomotor horizontal responses, but that
23
it lacks the pronounced E-effects present in the oculomotor-vertical data (see Fig-
ure 2.1). The fact that the -180 and 180◦ data show opposite offsets means that the
response of the subject was not only determined by the static body orientation at the
time the response was made, but depended also on the rotation which led to that po-
sition. This hysteresis phenomenon was present in both the spatial-perception data
(mean value: 14.4±19.6◦, p  0.001, Student’s t-test) and the body-tilt estimates
(mean value: 5.3±9.1◦, p < 0.001, Student’s t-test).
The first principal component (P1) gradually increases with roll angle up to
about 140◦ and then decreases for still larger tilts. Note, however, that it has not
declined to zero at the upside down position (+/- 180◦). Accordingly, the main role
of the P1 component in the description is to account for differences in the size
of the A-effect. Its eigenvalue of 0.47 shows that this basis function accounts for
47% of the variance in γ(ρ)−M(ρ). By contrast, the second component is clearly
important for the characterization of response differences at the smaller tilt angles.
It rises steeply to a maximum in the tilt range around 40 - 50◦, then declines again
and ultimately reverses sign near 140◦. The third component has less characteristic
features and merely accounts for a modest 9% of the variance in the data.
Descriptive model The next step is to use the set of principal components for the
description of individual response curves (see Eqn. 2.1, for the general idea). As
noted earlier, a perfect description of each individual response requires all 37 prin-
cipal components. However, such an exhaustive representation is undesirable for
our purpose, which is to obtain a simplified description that nevertheless captures
the main characteristic features of the response and separates them from the noisy
variability. Fortunately, a fairly good description of the individual response errors,
γ(ρ), satisfactory for the present purpose, could already be obtained by using only
three principal components, according to:
γ(ρ) = M(ρ)+a1 ·P1(ρ)+a2 ·P2(ρ)+a3 ·P3(ρ)+ ε(ρ) (2.2)
where the noise term ε(ρ) represents the contribution of the remaining principal
components {P4, ...,P37}. If the proposed descriptive model is valid, the contribu-
tion of the three principal components, expressed by three numbers (coefficients
a1,a2 and a3), describes the deviation of a given individual response γ(ρ) from
the overall mean. If this holds, these three parameters can characterize the salient
aspects of the subject’s behavior not just for a few selected tilt angles, but for the
entire range. Obviously, this can only be an approximation and it is important to
check first whether the model fit with the data is sufficiently good.
Performance of three-parameter descriptive model The question to be faced now
is whether the simple three-component model is already sufficient to capture the
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Figure 2.5 Principal-component descriptions of response errors from three subjects. The
principal-component descriptions ( ) match the characteristic features of the individual
responses (—) quite well including the striking differences in the size of E- and A-effects.
Bottomline in each panel denotes that each fit curve reflects the sum of the overall mean
(M) and a set of P1−P3 contributions, weighted appropriately for each session. The body-
tilt estimates, collected in the visual horizontal session, show large differences in a1 and
a2 values.
global features of the responses that were actually obtained in the different experi-
ments. As illustrated in Figure 2.5 for three subjects, it appears that the main differ-
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ences in response characteristics from all three paradigms can be described quite
well (mean R2 = 0.79, range 0.42-0.97 for all sessions from all subjects). For ex-
ample, in the small tilt range subject MS showed a large E-effect in the oculomotor
vertical task, in marked contrast to the A-effect seen in the oculomotor horizontal
experiment. These different features are well replicated in the fit (R2 = 0.93). By
contrast, the left-hand bottom panel shows one of the poorest fits. There is no reason
to blame the descriptive model: since systematic errors are so small in this case, the
noisy scatter causes a small signal-to-noise ratio. Whenever the body-tilt estimates
showed larger systematic errors (see middle panel in bottom row, for example), the
R2 value was accordingly better. Quantitative evidence that the descriptive model
is indeed equally powerful in describing pointing results and body-tilt estimates is
presented in the next section.
Role of first two principal components in description of systematic errors We
suggested earlier that the contribution of the first principal component is mainly
related to the size of the A-effect at large tilts whereas the second component is im-
portant for the characterization of the systematic errors at small angles. To support
this, Figure 2.6 shows these relations for two tilt angles where the E- and A-effects
were near their maximum (see Figure 2.1). That both relations are linear is not sur-
prising since each response is described as a linear combination of the overall mean
and the principal-component contributions. Still, it is useful to see how the size of
the E- and A-effect is related to the principal-component coefficients.
Apart from this, two features of the two relations are noteworthy. First, it ap-
pears that the relations are remarkably tight. The contribution of the first principal
component (right-hand panel) accounts for no less than 82% of the overall vari-
ability in A-effect at the 130◦ tilt angle. The second component shows a less tight
relation but still describes, by itself alone, 57% of the variability in E/A-effects at
40◦. Second, notice that the same relations hold equally well for pointing responses
(◦) and body-tilt estimates ( ), showing that the description is applicable to both
types of paradigm. Taken together, the plots in Figure 2.6 underscore the descrip-
tive power of the first two principal components, computed from the pooled data,
to represent the responses in any type of experiment. Therefore, our description
of task- and paradigm-related differences in performance will concentrate on the
P1 and P2 contributions found in each test.
Task and paradigm dependence of subject performance
While Figure 2.5 is useful as an illustration of the fact that the linear regression on
P1,P2 and P3 can capture global features of individual response sets quite well, it
is inadequate to summarize the task and paradigm dependencies. To illustrate these
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Figure 2.6 Relation between principal-component contributions and response errors at two
selected tilt angles. Response error at 40 and 130◦ roll angle as a function of the second
and first principal-component contributions (left-hand and right-hand panel, respectively).
For each session, the response errors for pointing (◦) and body-tilt paradigm ( ) were
determined by averaging the response error for corresponding clockwise and counterclock-
wise rotations. Positive errors indicate A-effects while E-effects are negative. Note that
some body-orientation estimates showed an E-effect even at 130◦ tilt, whereas at 40◦ tilt E-
effects were present in both pointing and body-orientation estimates. The regression lines
match the relation which can be predicted from the shape of the overall mean (M) and
the principal component under consideration. The R2 values show that the relation is tight
in both panels. Even though the P1 contributes to the principal-component description for
small tilt angles, as can be gathered from it shape (see Figure 2.4), it is not a good indicator
(R2 = 0.12) for the 40◦ response error (not shown). Similarly, the P2 is a poor descriptor at
ρ = 130. Further details: slope in left-hand panel: -0.22±0.03; intercept 3.25±0.79; n =
60; slope in right-hand panel: 0.24±0.01; intercept 27.18±0.85; n = 60.
more concisely, the contributions of the first two principal components to the re-
sponses of all sessions are presented in Figure 2.7, together with their confidence
limits (see legend for computation). The key to Figure 2.7 (lower right-hand panel)
illustrates how taking combinations of the overall mean (M) and systematically-
varied contributions of the two basis functions P1 and P2 can produce a variety of
different response curves (see legend for further explanation). The coordinates of
each session represent the corresponding coefficients a1 and a2 from Eqn. 2.2 so
that the projection of the overall mean (M in Figure 2.4) has coordinates (0,0). Us-
ing this format, the horizontal (filled symbols) and vertical (open symbols) pointing
data are shown in the upper panels of Figure 2.7. The scatter plots show that the
variation in P1 contributions, in different sessions, is roughly comparable for the
visual and oculomotor paradigm, irrespective of task (horizontal and vertical). The
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picture in the body-tilt data (lower left-hand panel), showing a clear shift to neg-
ative P1 values and a larger range, is significantly different from the pointing data
(p 0.001, Kolmogorov-Smirnov test).
The P2 contributions of the oculomotor experiments show an almost complete
separation depending on whether the task required earth-vertical or earth-horizontal
settings. This difference is highly significant (p < 0.001, Kolmogorov-Smirnov
test). In the visual data, the range of the P2 contributions is more constrained. Al-
though a tendency for a task-related shift can be discerned, similar to the oculomo-
tor data, this difference does not reach statistical significance. These P2 findings,
in the visual and oculomotor task, reflect our earlier qualitative observations that
there was a tendency towards strongly diminished A-effects, or even the emer-
gence of E-effects in the oculomotor-vertical data which was much less obvious
in the visual-vertical data (see Figure 2.1).
The P2 contributions in the body-orientation estimates span a wide range, al-
most comparable to the pooled oculomotor data (horizontal and vertical combined).
This finding reflects the fact that the verbal data show considerable variation in the
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← Figure 2.7 Principal-component description of results in all three paradigms. The lower
right-hand panel (key) illustrates by example how taking combinations of the overall mean
(M, central curve) and the contributions of the two basis function P1 and P2 , indicated by
the dots (+ or -75), produces quite different response profiles (the four remaining curves).
Note that the P2 predominantly affects the appearance of the curve at small roll tilts. The
P1 component, by contrast, has only little effect on the response characterizations for small
tilts, and primarily affects the size of the A-effect at larger tilts (see also Figure 2.6). The
scatter plots of best-fit P1 and P2 contributions for the description of pointing results (up-
per panels) show that horizontality (filled symbols) and verticality (open symbols) data
end up in nearly separate clusters for the oculomotor experiments. The four pointing task-
paradigm combinations show comparable P1 contributions, whereas the body-tilt estimate
P1 distribution (lower left-hand panel) is broader and shifted towards the left. The shaded
ellipse zones surrounding each symbol represent the statistical uncertainty in the coeffi-
cients, caused by the presence of noisy scatter. To keep this figure readable, the grey zones
show only one standard deviation of each coefficient. These zones have to be doubled in
width, thus portraying 95% confidence limits, to determine what significance can be ad-
hered to differences in a1 and a2 values among sessions. Two sessions can be considered to
yield statistically different results when the corresponding points in Fig.2.7 are separated
by at least this margin. The computation of the confidence zones has its conceptual basis
in the descriptive model, expressed in the form of Eqn. 2.2. For a given session curve, the
principal component coefficients a1 and a2 are fully determined, without any uncertainty. It
is obvious however that, even if the subject were completely stable from session to session
except for the presence of random noise, the latter would still cause the experimentally-
determined values to deviate from their theoretically expected value. If the noise is gaussian
and if its variance (σ2) is known as a function of tilt angle, the resulting uncertainty in the
coefficients can be computed analytically (Rice 1995, see page 538). We will later discuss
the tilt-dependent noise characteristics that were used in this computation (see section ‘Tilt
dependence of noisy scatter’ and Figure 2.11).
small tilt range showing a spectrum from clear A-effects to clear E-effects (see Fig-
ure 2.1). Further inspection of the data did not show any clear correlation between
P3 contributions and task or paradigm (not shown).
Intersubject and intrasubject variability in pointing responses
If there were no intrasubject variability among the results of repeated sessions, nor
intersubject differences, all points in Figure 2.7 from a given type of experiment
would cluster together within the uncertainty boundaries, but that is clearly not the
case.
Since the same experiment was repeated in some subjects, we can give an im-
pression of the day-to-day repeatability of the results. In Figure 2.8 we show the
results of four oculomotor experiments in subject JG. The oculomotor horizontal
and vertical curves are shown in the upper panels. If the experiments had been re-
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Figure 2.8 Systematic day-to-day changes. Upper panels present the results from subject
JG in four oculomotor sessions. Note that the shape of the horizontal curves differs from
that of the vertical curves, in line with our earlier description. The day-to-day differences
are considerable, especially for large tilt angles. To illustrate this, the horizontal and vertical
oculomotor data from sessions #3 and #4 are shown in the two bottom rows as well as the
accompanying principal-component descriptions. Note that there was a large difference in
a1 values between the two sessions and that the coefficients for horizontal and vertical in
the same session were similar.
producible, the four session curves should only show noisy variations about their
corresponding mean. Instead, there is a clear suggestion of systematic intrasubject
differences from day to day.
Examples of such systematic changes, collected in sessions 3 and 4, are shown
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paradigm subject session horizontal vertical
a1 a2 R
2 a1 a2 R
2
visual JG 1 7.3 -30.2 0.86 - - -
2 69.4 -19.3 0.91 - - -
3 - - - 1.5 -1.8 0.82
4 - - - 68.0 42.3 0.96
MW 1 80.2 13.4 0.91 - - -
2 41.5 -10.6 0.95 - - -
3 - - - -57.7 -15.1 0.60
4 - - - 12.8 7.8 0.91
oculomotor JG 1 13.6 12.4 0.81 46.5 33.9 0.95
2 41.8 2.0 0.90 74.4 54.8 0.97
3 102.8 1.0 0.93 103.9 51.2 0.97
4 63.5 -6.6 0.91 68.0 25.1 0.95
MS 1 35.1 -55.9 0.93 1.7 25.9 0.94
2 75.2 -19.8 0.93 37.8 61.2 0.93
Table 2.1 Summary of the results from repeated experiments. The principal component fit
results of repeated pointing experiments. The R2 value denotes the goodness-of-fit of the
principal-component description. Clear differences in a1 and a2 values, beyond 95% confi-
dence limits, were present between sessions of the same subject. From the 18 intrasubject
comparisons that can be made, 17 yielded different P1 contributions. The a2 values were
different in 10 session comparisons. Note that the P1 contributions in oculomotor sessions
showed comparable session-to-session changes in horizontal and vertical data.
in the two bottom rows of Figure 2.8 together with their principal-component fits.
As can be seen, the errors made by this subject were systematically larger in session
3. Note the similarity in a1 values in both the horizontal and the vertical data of
the same sessions. A quantitative summary of the results of all subjects that were
tested more than once in any paradigm is given in Table 2.1. In a total of 18 session
comparisons that could be made, the P1 component was significantly different in
17 cases. The P2 component was significantly different in 10 pairs.
The impression from Table 2.1 that the oculomotor response curves for the
horizontal and vertical task show parallel changes in P1 values from session-to-
session, led us to a further question. If there is a degree of covariation in the size
of the A-effect expressed by the horizontal and vertical data from one subject on
different days, is this perhaps a reflection of a general trend in the data from all
subjects? The left-hand panel of Figure 2.9, where we have plotted the a1 values
from the oculomotor horizontal data against those derived from the vertical data in
the same session, confirms that there is a clear correlation (r = 0.78). The a2 values
showed no correlation (r = -0.13, see right-hand panel).
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Figure 2.9 Covariation between oculomotor horizontal and vertical responses. The a1 co-
efficients derived from the horizontal and vertical data obtained in the same session were
strongly correlated (r = 0.78, n = 10, p < 0.01, left-hand panel). No significant correla-
tion was found between the a2 values (right-hand panel). Filled circles (•) denote the four
oculomotor sessions from subject JG shown earlier in Figure 2.8. In the visual-line data for
horizontal and vertical, which were obtained in separate sessions, no such correlation was
present.
A similar question can be raised for the visual data. Is it true that subjects with a
small or large a1 value in the horizontal task show the same tendency in the vertical
task? A complication that arises here is that these experiments were performed in
separate sessions on different days. If a given subject has been tested several times,
a decision is needed how the comparison is to be made. Since any particular pairing
would be as arbitrary as any other, we just took all possible pairings. No correlation
could be found based on this analysis.
Relation between estimated body tilt and earth-centric orientation
perception
There is evidence that the signals used for the estimation of body tilt are at least
partially distinct from those participating in the subjective horizontal and verti-
cal tasks (Anastasopoulos et al. 1997; Bisdorff et al. 1996; Mittelstaedt 1988). In
support of this hypothesis, earlier tilt experiments concentrating on the range near
90◦ yielded no correlation between errors made in body-tilt estimates and those in
subjective horizontal/vertical tasks by the same subjects (Mast and Jarchow 1996;
Mittelstaedt 1988). Our results allow us to explore this issue based on data in the
entire tilt range. As the upper left-hand panel of Figure 2.10 shows, the P1 com-
ponents for body-tilt estimates were consistently smaller than the corresponding
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component in the assigned pointing task (circles: visual line, squares: oculomo-
tor) of the same session. Nevertheless, there was a significant correlation that was
weaker than when two pointing tasks (oculomotor horizontal and vertical) were
compared (see Figure 2.9). There was no correlation between a2 values for body
tilt and pointing (right-hand top panel). The filled symbols, representing data from
a single subject (JG), show that the P1 contribution in the verbal estimates exhibited
considerable variations from session to session. By contrast, the P2 component was
more reproducible.
To further evaluate the relation between pointing and verbal responses, we
also made a correlation analysis for each tilt angle. This was done separately for
the reconstructed signals, using the descriptive model, and for the noisy scatter
(Eqn. 2.2). As the lower panels of Figure 2.10 show, there was a convincing cor-
relation in signal values for tilt angles beyond 60◦. By contrast, the correlation of
the noisy scatter between pointing and verbal was much smaller and generally in-
significant.
Tilt dependence of noisy scatter
The descriptive model that we have been using to describe the results assumes that
the first three principal components characterize the signal and that the remain-
ing components describe only noisy variations. The fit results obtained with the
first three principal components (see Figure 2.5) suggest that this is a reasonable
approximation. By implication, analysis of the residue can provide an impression
of the properties of the noise term in the model. Such a quantitative characteri-
zation of the noise is of interest for several reasons. First, the dependence of the
noise variance on tilt angle is of theoretical interest as a constraint for modeling
(see Discussion). Second, one might surmise that the oculomotor paradigm might
be corrupted by higher noise levels than the visual paradigm and it is of interest to
check this possibility. Finally, the characterization of the noisy scatter underlies our
estimation of the coefficient confidence intervals shown in Figure 2.7.
It may seem that the ideal procedure to test the descriptive model assumption
that the residue, ε(ρ), is random noise, would be to repeat each type of experiment
many times in each subject. In theory, such an extensive data set would permit
one to check whether the residues conform to a gaussian distribution centered at
zero, and would yield the tilt dependence of the noise amplitude in each subject.
In practice, however, subjects showed also systematic changes in repeated sessions
(see Figures 2.9 and 2.10 and Table 2.1) so that the total scatter would reflect both
systematic and random variations.
To sidestep this problem, we pooled the residue data from all available earth-
centric pointing experiments to reconstruct the overall noise profile. As can be seen
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Figure 2.10 Relation between pointing responses and body-tilt estimates. Upper-panels:
Covariation between pointing responses and body-tilt estimates. The a1 values of the point-
ing responses are correlated to the body-tilt estimates obtained in the same session (r =
0.68, n = 32, p 0.001, left-hand panel). Note that the P1 contributions are systematically
smaller in the body-tilt estimation paradigm. No relation was observed between the P2 con-
tributions (right-hand panel). Circles represent visual-line results, oculomotor sessions are
marked by squares. Filled symbols, denoting the data from subject JG, illustrate that there
were considerable variations in body-tilt errors from day to day. Lower panels: Correlation
between systematic and random errors in pointing and body-tilt estimates. The correla-
tion between the systematic errors, represented by the principal-component description, in
pointing and body-tilt task was calculated for each tilt angle (left-hand panel). A significant
correlation emerges for roll tilts beyond 60◦. A similar analysis on the residues, reflecting
random variations, is shown in the right-hand panel. Note that the correlation is smaller and
mostly insignificant. Clockwise and counterclockwise tilts were pooled, yielding 64 data
points for each tilt angle. The bold dashed line ( ) marks level were correlation reaches
significance.
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Figure 2.11 Tilt dependence of noisy scatter. To obtain an estimate of the noisy response
variations, we analyzed the residues (ε(ρ), Eqn. 2.2) of the 3-parameter descriptive model,
assuming that the systematic response properties are captured in the fit. The standard devia-
tion (σ ) of the pooled pointing residues ( , upper left-hand panel) shows that the noise in-
creased monotonically with roll tilt. An alternative analysis to estimate the noise character-
istics, which assumes symmetry, shows generally the same picture ( , upper panel). The
amplitude shown here equals the standard deviation of the difference between responses
obtained by a clockwise and counterclockwise rotation, scaled by 12
√
2. Note that the vi-
sual and oculomotor paradigm, yield similar noise profiles (pooled for left and right tilts,
see right-hand top panel). Similar analyses for body-orientation estimates show that the
noise in this paradigm is characterized by a flat profile (lower panels). These noise profiles
were used in the estimation of the confidence limits of the coefficients in Figure 2.7, as
discussed earlier. Abbreviations: O, oculomotor; V, visual; B, body.
from the standard deviation (σ ) of the pooled residues ( , upper left-hand panel
Figure 2.11), the noise increased with tilt angle. It should be noticed that the curve
is nearly symmetrical for positive and negative roll angles, and that the increase is
monotonic. It is interesting to recall, at this juncture, that the pattern of mean sys-
tematic errors shows a clearly different tilt dependence (Figure 2.1). Accordingly,
the random noise is not simply proportional to the mean level of systematic errors.
If that were the case, the noise should have shown a marked decline beyond∼130◦,
in parallel with the diminishing size of the A-effect in this range.
The right-hand top panel of Figure 2.11 shows that the noise profiles, obtained
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by pooling data from opposite directions of tilt and for horizontal and vertical task
results, were quite similar for the visual and the oculomotor paradigm. In both cases
we see a steep, monotonic increase in noise amplitude yielding the largest values
when subjects were upside down.
The noise profiles, reconstructed so far, were obtained based on the assump-
tion that the first three principal components capture all the systematic variability.
While the bend in the λ −k curve in Figure 2.3 seems compatible with the idea that
the remaining components represent mainly noisy variations, there is no clear-cut
boundary between signal and noise. Clearly, if the higher-order components still
reflect some systematic variability, we have overestimated the noise level.
To check for this possibility, we used an alternative procedure to reconstruct
the noise profiles, based on an independent assumption. In general, the response
curves are roughly symmetrical, apart from scatter, for equal positive and negative
tilts (see Figure 2.1). In our second approach we made the simplifying assumption
to regard all deviations from symmetry as due to noisy scatter. The results of this
procedure are shown in the upper left-hand panel of Figure 2.11 ( ). Again we see
a steep monotonic increase and an overall striking similarity with the earlier result.
Apparently, the errors due to imperfections of the fit, that entered the result of our
first reconstruction method, are small relative to the noisy scatter in the system.
The same analyses were also carried out on the available body-tilt estimates.
It appears that the reconstructed noise profile is almost flat across most of the tilt
range which contrasts markedly with the pointing data. The plausibility of this re-
sult is again supported by the fact that the two methods to obtain the noise are in
remarkable agreement. We conclude that, while body-tilt estimates tend to have
smaller systematic errors (on average), the scatter in these responses is relatively
large when compared to the pointing data.
2.4 Discussion
Overview
Recapitulation of objectives and main results This investigation has centered on
the question of whether the brain has a common central representation of gravi-
centric signals which can be tapped by various systems involved in spatial orienta-
tion. The first objective was to clarify whether the main features of the subjective
earth-reference frame in spatial perception would be similar when tested with the
visual-line method or the oculomotor paradigm. In making this comparison, we
concentrated on the question whether the two paradigms yield a similar pattern
of systematic misalignment of the subjective earth-reference frame, as expressed in
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the A-effect (tilt undercompensation). The second objective was to compare perfor-
mance in the earth-centric perception tasks and the ability to estimate body tilt. We
investigated earlier claims in the literature that the A-effect, which is a very promi-
nent phenomenon in external-space perception, is virtually absent in judgments of
body tilt (Mast and Jarchow 1996; Mittelstaedt 1983).
To realize these objectives, we collected earth-centric direction judgments and
body-tilt estimates across the entire tilt range. All experiments were carefully de-
signed to create comparable conditions, were performed on the same subjects and
were analyzed in a way that allowed appropriate comparison of the data by using
a principal-component analysis. Broadly speaking, without going into details for
the moment, the results show: First, in many respects, the visual and the oculo-
motor paradigm yielded essentially similar results, and showed comparable noise
characteristics. Second, although the body-tilt estimates showed much less tilt-
underestimation than the spatial-perception pointing responses, we obtained clear
evidence for a substantial A-effect in both tasks. To conclude this overview, the
next two subsections will further elaborate these points by comparing our results
with the work of others and discussing possible explanations.
Systematic misalignment of the subjective earth-reference frame and the sense of
self-position All earth-centric direction judgments showed large systematic errors
at large tilt angles (A-effect). This phenomenon, captured by our principal compo-
nent analysis, was present in all four task-paradigm combinations without major
differences (Figures 2.1 and 2.12). Thus, this effect is equally pronounced whether
tested with a visual-line stimulus or with pointing saccades that were executed in
complete darkness. The fact that also the reconstructed pattern of random errors
was similar in the two paradigms is interesting (see Figure 2.11). From an exper-
imental point of view, it attests to the suitability of the oculomotor system as an
alternative pointer.
The broad similarity of the oculomotor data with the visual-line data shows
that the saccadic system has access to the result of the same or comparable neural
computations. This finding lends support to the idea that there may be a central
representation of gravicentric signals that is not tied uniquely to the availability of
a visual stimulus and is also accessible for other purposes such as the control of eye
movements. In a clear departure from more limited data in the literature, the body-
tilt estimates showed that, in our experimental conditions, subjects had a marked
tendency to underestimate their tilt. At the same time, it is equally obvious that
these systematic errors were still much smaller than those in the earth-centric tasks
(see Figure 2.1) so that the underlying signal processing must be different.
Is the subjective earth-reference frame distorted? There have been several re-
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Figure 2.12 Comparison of present results with the literature. Upper panels show mean
results of this chapter for subjective vertical ( ) and subjective horizontal (—) in each
paradigm. The other panels show the mean response curves of visual (left-hand panels) and
oculomotor (right-hand panels) paradigms of earlier studies (Udo de Haes 1970; Betts and
Curthoys 1998; Pettorossi et al. 1998; Wood et al. 1998) together with our results (gray).
The lower left-hand panel also shows the tilt dependency of the canal-mediated effect ( )
described by Udo de Haes and Scho¨ne (1970), scaled to match the mean hysteresis effect
in our pointing data. Note that the three oculomotor studies show qualitatively similar dif-
ferences between vertical and horizontal data in the small tilt range where comparison is
possible. The visual data from our study show a similar nonorthogonality at a much reduced
scale, in contrast with the Betts and Curthoys study where it appears to be reversed.
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ports in the literature that horizontality and verticality estimates from tilted sub-
jects have different error profiles, implying that they are not simply orthogonal. As
Figure 2.12 shows, however, the picture emerging from this earlier work is partly
conflicting. The nonorthogonality found by Betts and Curthoys (1998) in visual-
line experiments is small and opposite in sign compared to the oculomotor findings
by Pettorossi et al. (1998) and Wood et al. (1998). In our experimental conditions,
the oculomotor nonorthogonality was comparable in sign and magnitude to the re-
sults of the earlier two studies. The phenomenon was often less than convincing in
the visual-line experiments but its sign was identical to that in the oculomotor data.
Why this phenomenon was more pronounced in the oculomotor experiments re-
mains unclear but it is unlikely to reflect tilt-related errors in the oculomotor pointer
itself since the distortion was not apparent when tilted subjects make saccades to
visual targets (Shelhamer et al. 1992), nor when they make saccades in the dark
aligned to their vertical or horizontal body-axis (Pettorossi et al. 1998). There-
fore, we consider it more likely that the neural representation of external space
subserving the earth-centric task is itself distorted and that this distortion is more
pronounced in the oculomotor paradigm due to the absence of vision. In this con-
nection, it is interesting that saccade endpoints to an array of remembered targets
are spatially distorted (Gnadt et al. 1991). We suggest that generating an imagined
target for the pointing saccades in the oculomotor paradigm may be subject to a
similar effect.
Pettorossi et al. (1998) explained the nonorthogonal responses by suggesting
that the percept of verticality is more primal, implying that the horizontality judg-
ments are obtained more indirectly, causing larger errors. We found little support
for this hypothesis since our data do not convey the impression that the verticality
judgments are generally more accurate (see Figure 2.12).
Importance of dynamic factors
As mentioned earlier, when subjects were brought to the same 180◦ roll-tilt position
by rotations in opposite directions, always starting from the neutral upright posi-
tion, the pointing responses were not identical but deviated in opposite directions
(see Figures 2.1 and 2.12). The body-tilt estimates showed a similar phenomenon
at smaller scale. This finding clearly demonstrates that the final static tilt angle is
not the only important variable and that dynamical factors determining how that
position was reached are also relevant.
The work of Udo de Haes and Scho¨ne (1970) suggests that a canal-otolith in-
teraction effect may have contributed to this phenomenon. In their experiments,
designed to investigate the role of the semicircular canals on the subjective verti-
cal by using a provocative stimulus, subjects were rotated at a constant velocity of
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60◦/s for over a minute and then suddenly stopped at a specified tilt position. When
the effects of preceding clockwise and counterclockwise rotations were compared
for the same final tilt position, the subjective vertical appeared to deviate in the
direction of the preceding rotation. In our experiments, this putative canal contri-
bution would act to increase the A-effect. Udo de Haes and Scho¨ne (1970) found
that the magnitude and the duration of this canal-mediated effect was not fixed but
increased with the final roll angle where it was tested, with a peak at 150◦ (see
lower left-hand panel Figure 2.12). At these large tilt angles, it slowly diminished
in the course of several minutes.
These results from earlier work suggest that the role of the canals in our experi-
ments would have been less if we had used a slower rotation velocity or had inserted
a longer waiting period before taking measurements. However, there is evidence
that very long waiting periods may bring other dynamical factors into play. Impos-
ing long delays before measurements are taken, as in the study of Udo de Haes
(1970), may cause an increased A-effect because of adaptation in the somatosen-
sory system (Scho¨ne and Lechner-Steinleitner 1978; Wade 1970) or of otolith af-
ferents (Fernandez and Goldberg 1976). Thus, it may be impossible to achieve a
steady-state situation because any choice of temporal parameters in the design of
tilt experiments will yield its own set of contributing dynamic factors. The fact that
most studies (including our own) used a constant-rotation velocity, rather than a
constant-rotation duration, to bring the subject in the final tilted position further
complicates the situation. The associated differences in the duration of tilt rotation
between large and small tilts will cause different degrees of vestibular conflict. If
one wishes to exclude canal influences, by using slow or even sub-threshold rota-
tion velocities, followed by long waiting periods, adaptation in the somatosensory
system and in the otoliths may become more severe. The same may hold if subjects
are tested continually by slow incremental roll tilt without returning to the upright
position after each measurement. Whatever the precise contribution of the dynamic
factors discussed here, the main conclusions drawn in this chapter stand apart from
these issues since their effect in all experiments must have been similar.
Existing spatial-perception models
It has been suggested that the otoliths, the semicircular canals, the somatosensory
system all play some role in the subjective vertical (for review, see Howard 1982,
1986). Since the otoliths respond to total linear acceleration, their raw signals can-
not distinguish between gravity and translational accelerations. Recent work on
reflexive eye movements suggests that the brain combines the information from
the otoliths and the canals to differentiate between tilt and translation (Angelaki et
al. 1999; Hess and Angelaki 1999; Merfeld et al. 1999; Snyder 1999). Theoreti-
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cally, the problem can be solved completely for conditions where the canal signals
are veridical (see e.g. Angelaki et al. 1999). That it becomes more complex in the
frequency range where this is not the case may have some relevance for our exper-
iments (see section ‘An attempted synthesis’, below).
The evidence that the canals are also involved in the perception of the vertical
comes from the study of Udo de Haes and Scho¨ne (1970) and from experiments
using eccentric rotation about an earth-vertical axis (Stockwell and Guedry 1970).
The latter authors observed that, whereas the subjective vertical changes rapidly
after pure roll rotations, it tilts only slowly towards its final value during eccen-
tric rotations where the information from the otoliths and the semicircular canals is
conflicting. To explain this phenomenon, Glasauer (1992) proposed that the brain
relies on an internal model that obtains an estimate of gravity by using canal and
otolith signals in conjunction. This proposal shows clear similarities with a model
describing reflexive eye movements during eccentric rotations (Glasauer and Mer-
feld 1997; Merfeld 1995).
These theories, however, are unable to explain the occurrence of systematic
errors at large tilt angles, as expressed in the A-effect. In a quantitative model of
earth-centric orientation perception during static tilt, which concentrates on the ex-
planation of this phenomenon, Mittelstaedt (1983) uses signals from the otoliths
to reconstruct body tilt in space and assigns an important role to an internal sig-
nal termed the idiotropic vector. At large tilts, the latter acts to bias the percept of
verticality towards the subject’s body axis, thereby accounting for the A-effect. Ac-
cording to the model, it affects the computation of the subjective vertical without
influencing the subjective estimate of body tilt. In support of this notion, earlier
work on the perception of body orientation showed that human subjects are able to
accurately position themselves horizontally, yet making large errors when asked to
set a visual line horizontal (Mast and Jarchow 1996) or vertical (Mittelstaedt 1983).
In addition, work on the perception of body tilt in lying subjects (90◦ roll tilt) has
suggested a role for truncal graviceptors and has provided evidence that this cate-
gory of somatosensory signals does not affect the subjective vertical (Mittelstaedt
1988).
Recently, Eggert (1998) has proposed an interesting reinterpretation of the id-
iotropic vector which is mathematically fully compatible with Mittelstaedt’s theory
(Mittelstaedt 1999). His model, based on optimal communication theory, considers
the problem facing the brain when it has to decide what is earth-vertical when de-
pending on noisy input signals. The main idea is that, in this evaluation process, the
brain relies partly on an assumption about the a priori probability that a particular
tilt of the earth-vertical relative to the body may occur. This prior distribution is a
tilt-dependent curve with a Gaussian shape, peaking at the long body-axis, indicat-
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ing that alignment of the subjective vertical with the long body-axis is considered
most likely. A narrow prior, which assigns a high probability to small differences
between the subjective vertical and the longitudinal body-axis, improves the per-
formance at small roll tilts at a price in the form of a large A-effect at large body
tilts. In the Mittelstaedt model, such subjects would have a large idiotropic vector.
Recently, evidence has accumulated that somatosensory signals also may affect
external-space perception and the sense of self-position. An intriguing finding is
that subjects lacking these signals show almost no A-effect in the subjective visual
vertical when tilted in a horizontal position (Anastasopoulos et al. 1999; Yardley
1990). In an discussion on the percept of body verticality, Bisdorff et al. (1996)
hypothesize that proprioceptive-contact cues play a major role in the detection of
body tilt. In a recent review, Bronstein (1999) has suggested that proprioceptive
signals may contribute to the systematic errors by adaptation in the somatosensory
system. This view implies that prolonged tilts should lead to a larger A-effect, as
has indeed been found by Wade (1970) and by Scho¨ne and Lechner-Steinleitner
(1978).
An attempted synthesis
To clarify to what extent our experimental results can be understood by borrowing
existing concepts, reviewed in the previous section, we shall now discuss the con-
ceptual scheme in Figure 2.13. This qualitative model contains proposals to account
for the observed dynamic effects and to explain how the similarities and differences
characterizing verbal and pointing responses may come about.
At the front end of the model, a vestibular estimate of the orientation of the
head in space (Hv) is reconstructed at stage C by combining the tilt-related signals
from the otoliths (α) and the head-velocity signal (ω) from the semicircular canals
(see Angelaki et al. 1999; Glasauer and Merfeld 1997). The hysteresis effect in our
data demonstrates that static final tilt position is not the only important variable.
This means that a purely static model will be inadequate and that a dynamic pro-
cess is involved. As suggested earlier (Stockwell and Guedry 1970; Udo de Haes
and Scho¨ne 1970), when the two vestibular input signals are in conflict, the internal
estimate of head tilt in space gradually evolves from a compromise value to a final
state reflecting the otolith signals. Apparently, this putative canal-mediated inter-
action effect had not fully subsided after the 24 s waiting period (cf. Udo de Haes
and Scho¨ne 1970), thereby causing a dynamic tilt-underestimation effect which un-
derlies the hysteresis phenomenon. The finding that the systematic errors for earth-
centric pointing and body-tilt sense were most strongly correlated at the upside-
down position (see left-hand bottom panel Figure 2.10) indicates that the strength
of the hysteresis in the two tasks showed parallel variations in different sessions. In
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other words, subjects with a stronger hysteresis effect in pointing tasks also tended
to have a more pronounced hysteresis effect in the body-tilt estimates obtained in
the same session. On this basis, we propose that the dynamic effects in both types of
task are due to the same canal-otolith interaction (stage C in Figure 2.13). The idea
that canal information may contribute to body-tilt perception has been discussed by
Seidman et al. (1998).
Our data show convincingly that this canal-otolith interaction cannot have been
the only source of systematic errors. This mechanism can only lead to tilt underes-
timation (A-effect) and would be expected to make only a substantial contribution
at the large tilt angles where canal adaptation must have been most pronounced.
In fact, a considerable number of sessions clearly showed errors of the opposite
sign (E-effect) in the small tilt range, both in the earth-centric pointing and in the
body-tilt responses. These cases can be recognized in Figure 2.7 from their positive
P2 components which signify the presence of an E-effect at 40◦ roll tilt (Figure 2.6,
left-hand panel).
Further evidence for an additional source of systematic errors, in both pointing
and verbal responses, comes from an analysis of the size and the tilt-dependence of
the response errors at the large tilt angles. Previous work on the subjective visual
vertical by Udo de Haes (1970) still found a very considerable A-effect, roughly
comparable to our results (see Figure 2.12), despite extreme precautions to prevent
the expression of dynamic canal-mediated effects. On this basis one would expect
that only a small part of the systematic errors in the pointing results at larger tilt
angles is due to the canal-mediated effect so that there must have been an additional
mechanism. Indeed, as Figure 2.12 shows, the size and the tilt dependence of the
response errors in the pointing experiments corresponds rather well with the error
profile in the experiments from Udo de Haes (1970). To obtain a rough estimate
of the contribution of the dynamic mechanism, we assumed that the magnitude of
the canal-mediated effect in our experiments had a similar tilt-angle dependence as
the one reconstructed by Udo de Haes and Scho¨ne (1970), reproduced in the lower
left-hand panel of Figure 2.12. We scaled the amplitude of this function so that
its value at 180◦ matched the actual hysteresis effect in the data of that particular
session and then determined the size of the A-effect contributed by this mechanism
at 130◦. Based on this approximation, the actual A-effect in the pointing data at
130◦ tilt was 21.9±14.7◦ larger than the A-effect ascribed to the assumed dynamic
effect alone.
The fact that the average A-effect in the body estimates around 130◦ was clearly
much smaller than in the pointing data (see Figures 2.1, 2.6 and 2.10) might lead
one to believe that in this task only the dynamic canal-mediated effect played a role.
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Figure 2.13 Gravicentric signals for space perception and for the estimation of body tilt.
The scheme illustrates the idea that various sensory inputs are used by the brain to obtain an
internal representation of body orientation in space when the subject is rotated, at constant
velocity, from an upright to a lateral tilt position (ρ). As discussed in the text, sensory
signals provided by the otoliths (OTO) and the semicircular canals (SCC) are combined in
stage C to yield a representation of head orientation in space (Hv). This vestibular signal
serves as a common input for two parallel modules subserving spatial pointing (shown
here for the subjective vertical, SV) and body-tilt perception (subjective body tilt, SBT),
respectively. As shown, somatosensory inputs (SOM) further contribute to obtain the head
in space signal (Hs) necessary for earth-centric pointing. Somatosensory signals involved
in obtaining body-tilt estimates are denoted by the acronym TGC to emphasize the specific
role of truncal graviceptors without excluding other somatosensory signals such as those
yielding contact cues or proprioceptive information.
To explain the joint occurrence of dynamic effects in the pointing responses and the verbal
tilt-estimates (see Figures 2.1 and 2.12), we propose that, due to adaptation in the canal
signal (ω), conflicting information from the otolith afferents (α) and the canals causes a
lag in Hv. That the canals can have such a dynamic effect on the subjective vertical has
been suggested by Udo de Haes and Scho¨ne (1970) who showed that the time course of
this dynamic effect may far outlast the time constant of the canals, especially at the larger
tilt angles. We assume that, as a consequence, Hv had not yet reached a steady state when
our measurements were taken after the 24 s waiting period and that this has caused shared
A-effects in both pointing and verbal responses. Each module on the right-hand side relies
on a computational strategy of the type proposed by Eggert (1998). Since the two priors
operate on different signals and subserve different task requirements, their width may be
different, as shown.
We have already rejected this hypothesis on the basis of the occasional presence of
E-effects (see above) but analysis shows that it also fails to explain the A-effects
at large tilt angles. Using a similar comparison as explained above for the point-
ing data, we found that A-effects at 130◦ were larger (6.8±11.4◦) than would be
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expected from the hysteresis effect in verbal estimates of the same session. So, in
summary, both the repeated occurrence of E-effects at 40◦ and the analysis of the
size of the errors at 130◦ clearly establish that there must have been an additional
source of response bias in both pointing and verbal responses.
We will now try to provide a rational explanation for this bias, starting with the
earth-centric perception results. At first sight, it is puzzling why the brain should
contain a central mechanism responsible for considerable systematic errors. As ex-
plained earlier, Mittelstaedt (1983) tried to solve this paradox by proposing that,
in the presence of noise, reliance on an internal bias signal (the idiotropic vec-
tor) can reduce errors at small tilt angles at the expense of large systematic errors
at the more rarely-encountered large tilt angles. Another attractive feature of his
model is that it can provide, at least in principle, an explanation of the occurrence
of both A- and E-effects, as a direct consequence of the size of the bias signal
without invoking separate mechanisms. With this in mind, we incorporated the id-
iotropic vector, embodied here by the Eggert prior distribution (see section ‘Ex-
isting spatial-perception models’), as the major source of the systematic errors in
pointing responses.
To illustrate the basic idea, without following the Eggert model in every detail,
we refer to the upper-right section of the scheme which explains its application to
the visual vertical task. To compute the subjective vertical (SV), the brain needs in-
formation about head orientation in space (Hs) which, as often assumed, is obtained
here by combining the vestibular signal Hv and somatosensory inputs (SOM). By
subtracting Hs from the requested spatial judgment Ls, the brain computes the de-
sired line orientation relative to the head (Lh). What makes the pointing task ‘spa-
tial’ is the requirement to have access to head in space information. Using the same
signals and the same simple rules, the saccadic pointer can program a saccade in
body coordinates.
The challenge facing the brain is that Lh is subject to fluctuations from trial to
trial, not only due to noise in the sensors but also as a result of errors in its central
computation. The proposed solution entails that the brain evaluates the available
Lh signal by taking into account its assumed trustworthiness as well as an esti-
mate of which Lh values are most likely on an a priori basis (the prior). Pursuing
overall optimal performance over many trials, at various tilts, this computational
strategy (X) leads to improved performance at small tilts and large systematic er-
rors at large tilts (Eggert 1998). Note that these systematic errors are superimposed
on the canal-mediated effect. In the extreme case that Lh contains only noise, the
brain fully relies on the prior which biases the response to the long body-axis. In
the other extreme case that Lh is considered very reliable, the effect of the prior be-
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comes negligible. In our experiments, the pointing responses must have been signal
driven (Lh) with some biasing effect of the prior. As this explanation makes clear, a
quantitative evaluation of the model would require assumptions about the width of
the prior and the tilt-dependent noise characteristics in Lh.
Making specific assumptions concerning the origin of the gravity-related in-
put, its noise characteristics and the shape and width of the prior, the Eggert model
can mimic the main features (E- and A-effects) of space-perception responses. In-
terestingly, the model even predicts the monotonic increase of the noisy scatter in
pointing responses with tilt angle (see Figure 2.11). We did not explore the model
at the quantitative level so that it remains to be seen whether indeed the error pro-
files that we have recorded can be fitted by adjusting its parameters. We gained the
impression that, when using the parameters in Eggert (1998), the model predicts
too large E-effects at small tilts. Also, it has a rigid coupling between the size of
the A-effect at large angles and the size of the E/A-effect at small tilts, whereas we
saw a degree of independent variation (see Figure 2.7).
If the notion of a prior is considered an acceptable explanation for part of the
systematic errors in external-space perception, could a similar principle be at work
in the body-tilt estimation paradigm? In self-positioning experiments, Mittelstaedt
(1983) found only small systematic errors (see above) and on this basis denied any
role to the idiotropic in that task. Our data, obtained with a different paradigm (ver-
bal report of subjective self-tilt rather than self-positioning), show very clearly that
there are systematic errors which cannot be assigned to the canal-otolith interaction
effect (see above).
As illustrated in the bottom-right section of the scheme, we therefore propose
that our subjects may have also used an optimal computation strategy in the body-
tilt task. In the scheme, the brain first computes a signal representing body ori-
entation in space (Bs) by combining the vestibular signal Hv and signals from the
truncal graviceptors (TGC). The prior in this system represents an a priori assump-
tion about the probability that a particular body tilt will occur. Since upright po-
sitions are most common in daily life, the prior is tuned at zero tilt. Except for
this difference in the neural signal to be evaluated, the line of reasoning and the
effect of the prior on the occurrence of systematic errors are comparable to our
earlier explanation (see above). However, the question arises why these systematic
errors were smaller than in the pointing task of the same session while still show-
ing a degree of correlation across sessions (see Figure 2.10). To account for the
smaller self-tilt estimation errors at large tilts, we assume that the body-tilt prior
is broader. But, if reliance on a prior is part of a strategy to achieve optimal per-
formance in the face of noisy input signals, why would the two systems rely on
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different a priori assumptions? The strategic element in this computation involves
a cost-benefit evaluation where the cost of occasional large errors has to weighed
against improved performance in more typical situations. Since the assessment of
what constitutes overall optimal performance may well be different for the sense of
self tilt and for external-space perception, the idea that the prior may be different in
the two systems is perhaps not so strange as it appears at first sight.
Since the width of the priors is a major factor in determining the size of sys-
tematic errors at large tilts, we have to assume that this parameter may vary among
subjects and even within the same subject on different days (see Figure 2.8 and Ta-
ble 2.1). Partly coupled prior variations in the two modules would help to explain
why the A-effect in the two tasks correlated at large tilts, adding to a similar effect
of the hysteresis phenomenon. These two sources of the A-effect are of little im-
portance at small tilts where independent extra-vestibular signal sources (SOM and
TGC) may have spoiled the correlation (see lower left-hand panel Figure 2.10).
Finally we have to address the question why earlier studies, requiring subjects
to adopt a 90◦ tilt (Mast and Jarchow 1996; Mittelstaedt 1983) did not find large
systematic errors. As explained earlier, the occurrence of large A-effects is not only
determined by the width of the prior, but also by the estimated noise characteris-
tics of the input signal upon which the judgment is to be based. Comparison of our
data with those of Mittelstaedt (1983) shows that our subjects had a much larger
scatter in their responses at 90◦ tilt. It is possible that our use of a clock scale has
forced subjects to make a transformation that yielded additional noisy fluctuations.
The fact that we tested many different angles, whereas the earlier studies concen-
trated on a particular tilt angle, which may provide special and more reliable cues,
may have worked in the same direction. Anyway, if signal Bs was more trustwor-
thy in the earlier studies, the effect of the prior must have been more limited. In
other words, whether or not the putative body-tilt prior is revealed may depend on
how the system is tested. Therefore it would be useful to repeat the earlier self-
positioning experiments at a large number of tilt angles.
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Chapter 3
The subjective vertical and the sense of
self orientation during active body tilt
3.1 Introduction
In this chapter we investigated the ability of human subjects to align the orientation
of a visual line to the direction of gravity (subjective vertical). Subjects can perform
this task very accurately when the head is in the upright position but make system-
atic errors when they are subjected to lateral body tilt. Two types of systematic
errors, with opposite sign, have often been reported in the literature (for reviews
see Howard 1982, 1986; Young 1984). For moderate tilts (<60◦) it is not uncom-
mon to find that the final setting of the visual line deviates from the true vertical in
a direction opposite to the head tilt (E-effect). For larger tilts, the opposite type of
systematic error is found consistently (Aubert or A-effect). The A-effect is a robust
phenomenon with amplitudes up to 40◦.
The possible mechanisms underlying these systematic errors have been subject
of extensive debate (see Bronstein 1999, Mittelstaedt 1999, Van Beuzekom and
Van Gisbergen 2000, Young 1984). An obvious possibility that comes to mind is
that faulty detection of head tilt is to blame. However, it has been reported by two
groups (Mittelstaedt 1983, Mast and Jarchow 1996) that if subjects are requested to
rotate themselves into a 90◦ tilt position using a vestibular chair, they are quite able
to do so. Yet, when subsequently asked to set a line to the vertical, substantial A-
effects emerge. These results indicate that poor-quality gravicentric signals cannot
be held directly responsible for the systematic errors in external space perception.
Adapted from: Van Beuzekom and Van Gisbergen (2001) Vision Res., 41: 3229-3242
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When we investigated this issue for passive whole-body tilts across the entire
range (Chapter 2), we found a less clear cut difference in performance between the
two tasks. All subjects showed large A-effects, both in a subjective vertical and
a subjective horizontal task. The results were largely similar whether tested with
the classical visual-line test or with an oculomotor paradigm relying on saccadic
pointing. In each trial, subjects also verbally reported their sense of subjective body
tilt using a clock scale. Although systematic errors in the self-tilt estimates were
always smaller, they were far from negligible. Also random errors in the verbal
estimates were remarkably large, even for small tilts, and showed a different tilt-
dependent profile than the scatter in the visual-line tests. A possible reason why our
self-tilt percepts were poorer may be that we applied passive roll tilts whereas the
two earlier investigations allowed their subjects a more active role.
As far as we know, there have been no studies investigating both the subjective
vertical and the sense of self tilt for a broad active tilt range. Clark and Graybiel
(1967) found good performance in the subjective horizontal task in active tilt, but
they tested at one small roll angle (20◦) and no self-tilt estimates were reported. To
allow a direct comparison between both tasks, we have now performed experiments
on standing subjects actively adopting a lateral tilt that was varied from trial-to-
trial until a large range was covered. The major objective behind our study was to
investigate whether the potential availability of additional signals, such as efference
copies, would allow subjects to improve their performance in both tasks. Therefore,
our analysis of the data concentrated on an evaluation of the tilt dependence of
systematic and random errors in both tasks. Since most of our subjects had earlier
participated in the passive tilt experiments, a direct comparison of results could be
made. This analysis revealed a clear improvement in the self-tilt percepts but none
in the subjective vertical settings. Possible modeling implications of these findings
are discussed.
3.2 Methods
Subjects
Six males, aged between 22 and 56 years, participated in the experiments. With
the exception of SP, all subjects had also participated in an earlier passive body-
tilt experiment (Chapter 2). Three subjects were familiar with the purpose of the
experiments and all were free of any known sensory, perceptual, or motor disorders.
All subjects gave informed consent to participate in the experiment.
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Recording head tilt
All experiments were conducted in a completely dark room. We used an OPTO-
TRAK 3020 digitizing and motion analysis system (Northern Digital) to record
head position in three dimensions (3D). This system tracks infrared-emitting diodes
(IREDs) attached to a moving object within a precalibrated space of about 1.5 m3.
The recording system provided on-line information about the 3D position of the
IREDs with an accuracy better than 0.2 mm. To determine head position and head
orientation, we used a helmet with four IREDs mounted on top and six IREDs
mounted at the backside. Although three detectable IREDs are sufficient to deter-
mine the orientation of the head, any additional visible IREDs will improve accu-
racy. During the experiment, at least three IREDs were always visible to the OP-
TOTRAK camera, which allowed us to compute the orientation of the head with an
accuracy better than 0.2◦. The total weight of the helmet, which remained firmly
fixed to the head throughout the entire experiment, was less than 0.25 kg. The po-
sition of the cyclopean eye with respect to the IREDs on the helmet was calibrated
using the method described by Medendorp et al. (1998). During the experiment,
data were collected using a sample frequency of 50 Hz and stored on hard disk for
off-line analysis.
The coordinates of the IREDs were transformed to a right-handed body-fixed
coordinate system whose X-Y plane was aligned with the subject’s horizontal plane,
when standing upright and looking straight-ahead (see Medendorp et al. 1998). The
positive X-axis pointed forward and the positive Y-axis was directed to the left
(i.e. along the subject’s left shoulder). The Z-axis was orthogonal to this plane and
pointed upward according to the conventions of a right-handed orthogonal coordi-
nate system. From the helmet data the position of the cyclopean eye in space could
be computed for each instantaneous head posture by using the previously collected
calibration data (see above). The orientation and position of the head were deter-
mined with respect to the head-reference posture, adopted when the subject was
fixating straight-ahead, by calculating the transformation between the IRED posi-
tions at the reference position and the IRED positions at the current head position
using a least-squares algorithm (Veldpaus et al. 1988).
In the analysis, instantaneous head orientation was described as the result of a
virtual rotation from the head reference position to the current position. The corre-
sponding rotation vector is specified byr = tan(θ/2) ·n, wheren represents the di-
rection of the rotation axis and θ is the amount of rotation about that axis (Haustein
1989; Medendorp et al. 1998). Rotation vectors have the advantage that there is
no need to define an arbitrary hierarchical sequence of multiple rotations. The x-
component of the rotation vector was taken as the torsional orientation (tilt) of the
head. The y- and z-components specified its vertical (pitch) and horizontal (yaw)
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Figure 3.1 Illustration of various body postures adopted in the active tilt experiments.
Schematic drawings, based on photographs, show how subjects achieved the required range
in head tilts by a combination of head and body movements. Care was taken to ensure that
the subject’s cyclopean eye was in approximate alignment with the rotation axis of the vi-
sual line, despite head translation. Head tilt relative to gravity was measured by tracking an
array infrared emitting diodes on a head-fixed helmet (not shown).
orientation, respectively.
Tasks
In each trial, we tested the ability of standing self-tilted subjects to adjust a visual
line to the direction of gravity (subjective vertical task) and to estimate their head
tilt. To indicate the subjective vertical, the subject adjusted the orientation of a
linear array of 5 equally-spaced LEDs with a total angular subtense of 17◦at 1.0-m
distance in front of the subject. Its vertical position was adjusted to align the line’s
rotation axis with the cyclopean eye so that both were at about the same height
above the floor. Line orientation could be set accurately by remotely-controlled
rotation in either direction, at adjustable speed. Its setting was measured using a
digital position encoder with an angular resolution of 0.35◦ and stored on the PC
that also controlled the lighting of the LEDs of the visual line.
In the tilted position, the subject also verbally reported his estimated head tilt
in world coordinates using a clock scale. Accordingly, an estimated 90◦ right-ear-
down tilt was reported as ‘15 minutes past the hour’ (Blouin et al. 1995, Chapter 2).
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Experiments
All subjects first practiced a few runs to become familiar with each paradigm. In
each session we tested a total of at least 40 roll angles. Subjects adopted a laterally
tilted position (Figure 3.1), starting from the upright standing position, alternat-
ing clockwise and counterclockwise tilts. They were encouraged to generate tilts
equally distributed across their self-tilt range. Room lights were switched on be-
tween trials to let the subject reorient in the upright-standing position. Due to the
rotation of the body and the head, the distance from the subject’s cyclopean eye
to the floor varied (Figure 3.1). To allow appropriate alignment of the cyclopean
eye and the center of the visual line, we used two heights of the visual line: one
for roll tilts <90◦ and one for tilts >90◦, when the subject’s head was closer to the
floor. For the same purpose, subjects stepped leftward or rightward before the next
trial began to avoid gross lateral misalignments in the forthcoming tilted position.
Subjects never received feedback about their performance.
After completing the self-tilt movement (typically lasting ∼2 s), the subject
verbally reported his estimated head tilt. Subsequently, about 10 s after the start
of the self rotation, the visual line was switched on for 12 s. Within this period
the subject had to align the visual line with the earth-vertical by remote control.
Before and after the line setting by the subject, the line was rotated to a random
orientation by the experimenter, to exclude any form of possible feedback. During
all experiments vision was binocular.
Visual-line orientation judgments using clock scale
In order to explore the effect of the psychophysical testing method on the precision
of line orientation judgments, we conducted a control experiment. Under condi-
tions of static tilt, we tested the subject’s ability to judge the absolute orientation
of a visual line in world coordinates with the verbal clock scale method. In sepa-
rate runs, three subjects (the authors) were rotated in a vestibular stimulator with
a constant velocity of 15◦/s to a final tilt angle of successively 135, 0, 90 and 45◦.
In the tilted position, a polarized version of the visual line (obtained by dimming
one outer LED) was presented in at least 20 random orientations. The subject was
instructed to verbally report the orientation of the visual line in world coordinates,
as accurately as possible. Before the same experiment was repeated at a new tilt
angle, the subject was rotated back to the upright position and room lights were
switched on to reorient.
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Data analysis
As a measure of performance in each task, the deviation (γ) of the actual response
from the required response was plotted as a function of the roll tilt angle of the
head (ρ) at the time of testing, yielding two error profiles for each experiment. In
the previous chapter we used a principal component analysis to obtain an econom-
ical description of characteristic features of each individual error profile. The same
technique was used again to compare the active results with our previous passive
results. The general idea behind this approach is that each response curve of a large
data set can be perfectly described as the sum of a set of independent, orthogonal
basis functions calculated from the total data set. By using only a limited number
of principal components, a simplified description can be obtained that still cap-
tures the characteristic features of the response and separates them from the noisy
variability.
To allow a direct comparison with the passive data we used the basis functions
obtained by the principal component analysis of the previous passive data set to
describe how individual response curves, γ(ρ), deviated from the overall mean,
M(ρ). As in the earlier passive study, we used a three-component descriptive model
for this purpose:
γ(ρ) = M(ρ)+a1 ·P1(ρ)+a2 ·P2(ρ)+a3 ·P3(ρ)+ ε(ρ) (3.1)
Here, P1(ρ),P2(ρ) and P3(ρ) represent the first three principal components and
a1,a2 and a3 are scaling factors. The term ε(ρ) comprises the contribution of the
remaining principal components that were earlier shown to represent only noisy
scatter in the responses. The waveforms of the overall mean and of the first two
principal components, which were used to describe the systematic errors in each
response curve, are shown in Figure 3.3. For a more extensive description of how
these basis functions can characterize a wide variability of response patterns, we
refer to the Results and to Chapter 2.
3.3 Results
The present experiments were designed to investigate whether self-tilted subjects
can avoid the large systematic errors in external space perception (subjective verti-
cal) found in earlier passive tilt conditions. A second objective was to find out how
active tilt would affect the subject’s percept of head tilt.
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Figure 3.2 Response errors in the subjective vertical and head-tilt estimates. The ability of
six subjects to align a visual line with gravity and to estimate their head-tilt was examined
during active body tilt. Panel A shows the errors made in the subjective vertical as a function
of head roll angle. Each line represents the data from a single session. For tilts up to 70◦,
errors were small, with a trend towards E-effects. For larger tilts, clear A-effects emerge.
The verbal reports of the estimated head tilt obtained in the same sessions show a clearly
different response pattern (panel B). Here, curves show little evidence of systematic errors
but the noisy scatter seems considerably larger than in the subjective vertical task. The
group means show pronounced A-effects in the subjective vertical (panel C) but hardly any
systematic errors in the self tilt estimates (panel D). To cope with the fact that the adopted
tilt angles had a slightly unequal distribution, means were calculated by averaging data in
bins of 10◦ width.
Overview of active tilt results
Figure 3.2 presents all data from each paradigm tested in the active tilt experiments.
The left-hand panels document the subjective visual vertical responses by showing
the deviation of the actual response from the required response as a function of
head tilt. Clockwise deviations are shown as positive. Accordingly, if performance
were ideal, all traces would straddle the horizontal dashed line (zero error). As can
clearly be seen, the subjective vertical during active tilt was far from flawless (panel
A). Just as in our earlier passive results (Chapter 2) large errors into the direction of
body tilt (known as the A-effect) were present for tilts beyond 70◦. In the present
active tilt experiments, some subjects also showed smaller errors with an opposite
sign (referred to as E-effect) in the small tilt range <90◦.
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As Figure 3.2B illustrates, the verbal reports of estimated head-tilt in the active
experiments showed a radically different error pattern. The overall first impression
is one of large noisy variability superimposed on only weak trends for systematic
errors. Thus, it seems as if subjects were less confident in the verbal task although
their errors, on average, were smaller than in the subjective vertical task, at least
in the large tilt range. The mean curve derived from the active verbal data (Fig-
ure 3.2D) shows much smaller errors than the corresponding visual vertical data
(Figure 3.2C).
Clearly, these qualitative observations can only be preliminary hints to possi-
ble trends in the data. To allow a more rigorous assessment, it is clearly essential
to disentangle the general trends (systematic errors) from the noisy scatter in each
response curve. The next section describes our approach to separate these two re-
sponse components using the descriptive model expressed in Eqn. 3.1 (see Meth-
ods).
Description of error profiles using principal components: background
In a previous study on spatial orientation performance of passively-tilted subjects,
we made a principal component analysis of error profiles obtained in subjective ver-
tical settings and verbal estimates of body tilt (Chapter 2). Our goal was to describe
subject- and task-related differences in the data in a format that would extract both
the main common characteristics, as well as the differences. Therefore, we pooled
all the data and applied a principal component analysis on the deviation of each
response curve from the overall mean. The overall mean curve, depicted in Fig-
ure 3.3A, showed minor errors at small tilts but a large A-effect, peaking near 135◦
for larger roll angles. The first two principal components described already most of
the nonrandom variations about the mean. As can be seen in Figure 3.3B, the first
principal component (P1) was mainly related to the A-effect whereas the second
component (P2), which peaks at a smaller tilt angle, was important in character-
izing differences in the size of the E-effect. The P3 component (not shown) also
represented some systematic features of the passive data set, but since they were
neither related to E- and A-effects, nor showed any task dependence, we will con-
centrate on the contributions of P1 and P2 in the description of individual response
curves.
To show the general idea, Figure 3.3C,D illustrates, by way of arbitrary exam-
ples, how taking various combinations of the mean curve (M) and scaled versions
of P1 and P2 can produce a variety of response error curves. For example, adding a
50 P1 contribution yields an error curve with an above average A-effect. Subtract-
ing the same P1 contribution produces a curve with a small A-effect. Figure 3.3D
gives an impression of the effect of adding or subtracting a 50 P2 contribution. As
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Figure 3.3 Waveforms used in the three-parameter descriptive model. Responses were de-
scribed by a three-parameter model using basis functions derived from a principal compo-
nent analysis on a passive data set (Chapter 2). Panels A and B show the overall mean, M,
and the first two principal components, P1 and P2. Panels C and D outline how taking linear
combinations of the mean curve and appropriately scaled versions of P1 and P2 can fit a
rich variety of response curves exhibiting dissimilar E- and A-effects.
can be seen, a large positive P2 contribution adds an E-effect at small tilt angles,
combined with an enlarged A-effect at large roll angles.
We found in the earlier study that the descriptive model embodied by Eqn. 3.1
could describe virtually any response curve encountered. Since the first two com-
ponents were most revealing in the description of the task- and subject-related dif-
ferences in performance, each data curve can be portrayed by its P1 - P2 signature
in a two dimensional plot. For a further explanation of the descriptive model and
its basis in the principal component analysis we refer to the original publication.
Applying the same tool to the present experiment has allowed us to make a direct
comparison of the present active and the earlier passive data. Clearly, this is only
realistic if the passive basis functions can also describe the new data.
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Figure 3.4 Data fits of response curves during active tilt. Errors in subjective vertical set-
tings and head-tilt estimates were described using the three-parameter model to separate
systematic trends from noisy scatter. The subjective vertical results (•) from all six subjects
are described quite well (mean R2 = 0.92, left-hand column). In general, the characteristic
features of the response curves (E- and A-effects) are well replicated by the fits. Note that
the subjective vertical error curves show clear A-effects, symmetrical for both tilt direc-
tions, in all subjects. The verbal estimates of self-tilt show only small systematic errors
(right-hand column) with no consistent pattern of tilt dependence across subjects or for tilt
direction. Since noisy scatter is the predominant feature of these responses, the fits yield
much smaller goodness-of-fit values. Also note that most subjects varied their self-tilts
quite evenly across the achievable tilt range, which sometimes extended beyond 150◦.
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Figure 3.5 Comparison of active and passive results. The scatter plots of best-fit P1 and
P2 contributions of all subjective vertical results (panel A) show that active (•) and passive
(◦) data end up in separate clusters. The positive P2 contributions, associated with E-effects
at small and moderate tilts, underlie this difference (p < 0.05, Kolmogorov-Smirnov test).
The active and passive self-tilt estimate data show some overlap, but it should be noticed
that the scatter in the active data is much reduced (smaller intersubject variability). Also
note that the active self-tilt estimates form a completely separate distribution from the sub-
jective vertical results.
Comparison of systematic errors in the two tasks during active tilt
Accordingly, the first question to be faced now is whether the three-parameter
model, based on the passive data set, can also capture the global features of the
active responses. Figure 3.4 shows the response errors (•) characterizing the sub-
jective vertical and the head-tilt estimates from each subject, together with the cor-
responding three parameter descriptions ( ). As can be seen, the main intersub-
ject differences in response characteristics of the subjective vertical were described
quite well (mean R2 = 0.92, left-hand panels).
The right-hand panels show the head-tilt estimates obtained in the same ses-
sions as the subjective vertical settings. As could already be observed in Figure 3.2,
the verbal reports of estimated head orientation lacked the characteristic error pat-
tern of the subjective vertical. Notice that the fits, in contrast to the subjective ver-
tical results, were generally not symmetrical, further strengthening the impression
that there was no consistent pattern of systematic errors in the self-tilt percepts.
Since the scatter in these responses was relatively large, the R2 values of the fit had
much lower values than in the subjective vertical data.
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Comparison with passive data
To compare the subjective vertical and head-tilt estimation results during active and
passive tilt, the contributions of the first two principal components to the fits of all
active (•) and the earlier passive (◦) sessions have been plotted against each other in
Figure 3.5. The coordinates of each session represent the corresponding contribu-
tions of the first two components (a1 and a2 from Eqn. 3.1, respectively); the overall
mean from all previous passive experiments (M, shown in Figure 3.3A) has coordi-
nates (0,0). The earlier impression that E-effects at small tilts were more common
in the subjective vertical during active tilt (see Figure 3.4) is clearly supported.
The scatterplots show that active and passive subjective vertical settings ended
up in different distributions mainly due to different P2 contributions (p <0.001,
Kolmogorov-Smirnov test, Figure 3.5A). As mentioned before, positive P2 contri-
butions are associated with E-effects in the small tilt range, whereas positive P1 con-
tributions are related to above average A-effects at large tilts. The large A-effects
are reflected in the mostly positive P1 values. These details should not detract from
the main observation that the active condition has not improved performance in the
subjective vertical task.
The head-tilt estimates during active tilt (Figure 3.5B) form a completely sep-
arate distribution from the corresponding subjective vertical results (p <0.05, Kol-
mogorov-Smirnov test). The relatively small errors at large tilts are reflected by
negative P1 contributions. By comparing the head-tilt estimates from active and
passive tilts, it becomes clear that during passive tilt there was a wider variety of
response curves as indicated by the large range of P1 and P2 contributions.
We wondered whether the positive P2 contributions in the active subjective ver-
tical, the main difference between active and passive subjective vertical results,
may have been due to exaggerated E-effects in the fits (see Figure 3.4, for example
subjects JG and MZ). To check for this possibility, Figure 3.6A shows the response
error at 40◦ tilt as a function of the error at 130◦. Despite a less distinct separation,
two vertically shifted distributions can still be distinguished. Most active sessions
showed an E-effect (shown as positive error on the y-axis), whereas errors tended
to be opposite during active tilt. The results for the self-tilt estimates (Figure 3.6B)
support the impression already gained from Figure 3.5. Note that, both for 40 and
130◦ tilts, errors in the active condition were small and scattered round zero. At
this point it should be remembered that the contributions of P1 and P2 reflect the re-
sponse at a broad range of tilt angles, whereas determination of the response error
at a given tilt angle is less robust and more sensitive to noise.
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Figure 3.6 Further illustration of active and passive differences. As an alternative for the
model-based description of differences between active and passive in Figure 3.5, we com-
pared the response errors at a 40 and a 130◦ tilt angle. In the active experiments, data at tilts
of exactly 40 and 130◦ were generally not available. Therefore, for each session an estimate
of the response errors was obtained by averaging data in bins of 10◦ width. Subsequently,
the estimated response errors at the corresponding clockwise and counterclockwise rota-
tions were averaged. Positive errors on the horizontal axis represent A-effects, while pos-
itive errors on the vertical axis reflect E-effects. Same conventions as in Figure 3.5. This
alternative analysis supports the results from three-parameter model. Note that the errors in
the active tilt estimates scatter more closely near zero, for both 40 and 130◦ head tilts, than
in the passive data.
Tilt dependence of noisy scatter
The descriptive model that we have been using to describe the results assumes that
the three free parameters, describing the contributions of the first three principal
components, characterize the systematic error (‘the signal’). By implication, anal-
ysis of the residue can provide an impression of the noise term in the model. Noise
profiles derived from pooled subjective vertical residues are shown in Figure 3.7A.
The active ( ) and passive (—) noise profiles showed a striking similarity in that
both show an almost identical monotonic increase with tilt. The same resemblance
between active and passive was seen in the self-tilt estimates, although the noise
in self-tilt estimates during active tilt seems slightly larger (Figure 3.7B). As in the
passive experiments, the noise in the self-tilt estimates was larger than in the sub-
jective vertical in much of the tilt range. This point is of interest from a modeling
perspective and will be taken up again in the Discussion.
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Figure 3.7 Tilt dependence of noisy scatter. To get an impression of the noisy scatter in the
two tasks, we analyzed the residues (ε(ρ), Eqn. 3.1) of the descriptive model. Assuming
that the systematic response properties are captured by the fit, the residues describe the
noisy scatter. The standard deviation (σ ) of all active subjective vertical residues (act),
pooled for clockwise and counterclockwise rotations, shows a remarkable resemblance
with the passive (pas) noise profile (panel A). Both tilt-estimate noise profiles (panel B)
exhibit a flat curve, with slightly higher values for the active condition. So, the active and
passive data show a striking resemblance in noise characteristics. Panel C shows the stan-
dard deviation of the pooled residues of the the visual line orientation judgments tested in
three subjects (see Figure 3.9).
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3.4 Discussion
Overview of main results
In earlier passive experiments (Chapter 2), we observed large systematic errors
in settings of the subjective vertical when subjects were tilted sideways using a
vestibular chair. The perception of self-tilt, tested in the same trial by verbal reports
using a clock scale, showed smaller and less consistent systematic errors and more
random scatter (see Figures 3.5 and 3.6). Studies by Mittelstaedt (1983) and by
Mast and Jarchow (1996) had earlier indicated a more clear cut contrast in task per-
formance, with almost no systematic errors in the self-tilt perception task. In these
experiments subjects adjusted their tilt to a position specified by the experimenter.
A further difference with our experiments was that these tests concentrated on a
single tilt angle (90◦) which may represent a special case. We wondered whether
these different results could be clarified by undertaking a new series of experiments
where subjects, after actively adopting a roll-tilted posture, first reported their sub-
jective head tilt and then adjusted a visual line to the subjective vertical. In this
fashion, we hoped to obtain answers to two questions. First, will this experimental
design provide subjects with a better sense of self tilt? Second, is there an improve-
ment in external space perception in the active condition where the subject may
have access to additional sources of information (e.g. efference copies and propri-
oceptive signals)?
The new self-tilt results show that, apart from considerable scatter, subjects had
a quite reasonable percept of head position in space throughout the entire range
that could be tested (see Figure 3.2D). Combined with the clearly more mediocre
and more variable performance in the earlier passive experiments, these data in-
dicate that the availability of additional signals in the active condition (efference
copies, somatosensory inputs resulting from muscular effort in postural control)
can improve the sense of self tilt. Differential involvement of otoliths and body
graviceptors (Mittelstaedt 1988, 1992) in the two situations may also have been
a factor. In the passive whole-body tilt experiments, the ratio of body graviceptor
signal output and otolith signal magnitude must have been rather different from
the present situation where body tilts often were much smaller than head tilts (see
Figure 3.1). If truncal graviceptors are indeed involved in self-tilt estimation, it is
conceivable that the brain, accustomed to the more natural situation of active tilt,
has a problem when having to deal with the abnormally large graviceptor signals in
the passive situation.
By contrast, tests of the subjective vertical revealed persistent large systematic
errors that took the form of A-effects at large tilts beyond 90◦ without any sign
of improvement. We also saw small E-effects at more moderate tilt angles that
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were not observed in the earlier passive experiments. Thus, on the one hand the
present experiments show convincingly that subjects had an almost veridical sense
of self tilt. Yet, on the other hand, they made large consistent errors in judgments of
directions in external space. So, for reasons that remain to be elucidated (see further
discussion below), the availability of more signals in the active condition has led
to improvement in one task without notably affecting the other. This seemingly
paradoxical result raises fundamental questions concerning the origin of systematic
errors in external space perception.
It is interesting to note that our comparison of performance in the two tasks
yields a completely opposite picture when it comes to the occurrence of random
errors (see Figure 3.7). As in our passive study, we found considerable noisy vari-
ability in the tilt estimates but a remarkably low noise level in the subjective ver-
tical. Moreover, whereas the subjective vertical is marked by a monotonically in-
creasing noise profile, the self-tilt estimates show a more or less flat curve (see
Figure 3.7A,B). This now well-established difference in noise characteristics has
not been described elsewhere.
To provide a framework for a discussion of possible underlying mechanisms,
we first outline the basic computational problem that needs to be solved in external
space perception. Subsequently, we review various viewpoints on how this compu-
tation may lead to systematic and random errors.
Neural computation of visual directions in external space
To set a visual line to the vertical in the absence of visual gravity cues, the brain
needs to combine various signals. First of all, it is essential to obtain a veridical
estimate of head tilt in space. Second, the visual system needs to assess the orienta-
tion of the luminous line relative to the vertical meridian of the retina. Finally, the
fact that roll tilt leads to eye torsion has to be taken into account, for example by
using efference copy signals of eye position. As illustrated in Figure 3.8, veridical
performance in the visual vertical task requires that these signals are combined as
follows:
ˆL = ˆR+ ˆH + ˆE (3.2)
where ˆL is the neural representation of line orientation in space coordinates, ˆR de-
notes the neural representation of line orientation relative to the vertical meridian of
the retina, ˆH is the neural correlate of head tilt and ˆE represents an efference copy
of torsion of the eye relative to the head. It should be noted that the computation
behind this deceivingly simple equation must require nontrivial signal transforma-
tions involving quite different coding formats. In reality, each of these signals will
be corrupted by noise and will only be an approximation of the underlying physical
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Figure 3.8 Signal processing subserving the subjective vertical and the sense of self tilt.
The scheme, which borrows elements from Young (1984), illustrates a simple hypothesis
for the combination of various signals subserving the subjective vertical (SV) and the esti-
mation of self-tilt (ST) during lateral head tilt by an amount ρ (positive for right ear down).
As shown in the bottom section, it is proposed that the sense of self tilt is based on a com-
bination of signals from the otoliths (OTO) and signals of nonvestibular origin (NVS). As
the present results indicate, in natural circumstances (active tilt), this system produces an
almost veridical head in space signal ˆH that carries a considerable noise component.
The inherently more complex central computation of the subjective vertical, in the upper-
right box, requires three sources of information. It is well-known that the visual cortex
(VIS) provides accurate neural information ( ˆR) about the visual line’s orientation relative
to the vertical retinal meridian (R). As shown, to reconstruct the line’s orientation relative
to gravity (γ , positive for clockwise deviations), the brain also needs information about
torsional eye position (E, estimated from efference copy ˆE) and about head orientation in
space ( ˆH). As discussed in the text, we hypothesize that systematic errors in the subjective
vertical (i.e., when γ deviates from zero) are not due to inaccuracies in signals ˆR, ˆE and ˆH,
but suggest that they result from central processing in box SV, either on account of an ad-
ditive internal bias signal (bias), the idiotropic vector, or due to computational limitations.
Abbreviations: RET, retina; MOT, oculomotor system.
signal. It seems reasonable to assume that the noise components in each term will
be independent, a point that will become of some importance later on. Obviously,
both systematic errors and noisy variations in these input signals will affect overall
performance.
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Sources of systematic errors in subjective vertical
Unveiling the underlying mechanisms responsible for E- and A-effects in the sub-
jective vertical, and their relation to the sense of self tilt is a major objective of
modeling studies in this field. Considering the computation embodied by Eqn. 3.2,
several types of explanation for the systematic errors in external space perception
may be envisioned. The following survey of potential systematic and random error
sources will serve later as a conceptual framework for the interpretation of our data.
1. A-effect as a consequence of errors in underlying source signals An obvious
possibility to be considered is that systematic and random errors in the subjec-
tive vertical may simply reflect similar errors in the input signals participating in
the computation. The literature on the accuracy and precision of retinal orientation
judgments suggests that imperfections of the visual system are so small that they
can play only a very minor role in explaining the major shortcomings in perfor-
mance in the subjective vertical task. Nevertheless, it is worth noticing that vertical
and horizontal orientation judgments are more precise than those of oblique orien-
tations (oblique effect). The visual system may also be subject to systematic errors
in angle judgments with a tendency to overestimate small angles and to underesti-
mate obtuse angles (for review, see Nundy et al. 2000). These deviations, however,
are very small compared to the large systematic errors in the subjective vertical.
Moreover, they would be expected to be symmetrical on both sides of ρ = 90◦
which is not what we see in the subjective vertical data. Therefore, we will not
further consider these effects.
Much less is known about the ˆH input signal participating in the spatial direc-
tion computation. It is often assumed that ˆH is based predominantly, if not exclu-
sively, on otolith signals. From what is known neurophysiologically about the cod-
ing properties of utricular and saccular afferents (Fernandez and Goldberg 1976),
the impression may be gained that it should be possible for a neural network to
derive an accurate ˆH signal from these combined inputs. Nevertheless, this may
still not be trivial. For example, Mittelstaedt (1983) has argued that, if the utricular
and saccular signals have different weights corresponding to the number of neu-
rons carrying them, the resulting ˆH signal may give rise to a considerable E-effect
at small tilt angles and a comparably-sized A-effect at large tilt angles. Ormsby and
Young (1976) have suggested that these systematic errors may be linked to nonlin-
ear processing of saccular afferents. So, in this sense, limitations of the ˆH signal
may cause corresponding errors in a spatial direction task like the subjective verti-
cal. Furthermore, as we have argued elsewhere (Chapter 2), an underestimation of
head-in-space may occur if the reconstruction of ˆH relies partly on integrated semi-
circular canal signals, particularly during long-lasting movements causing canal
adaptation.
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It has been suggested that somatosensory signals also participate in the ˆL com-
putation. Patients with somatosensory dysfunction show changes in external space
perception when roll tilted (Anastasopoulos et al. 1999; Anastasopoulos and Bron-
stein 1999; Yardley 1990). The finding that the subjective vertical is altered during
prolonged body tilt (Wade 1970), or by the preceding tilt (Scho¨ne and Lechner-
Steinleitner 1978), has been attributed to an asymmetric pattern of activity and
adaptation in cutaneous receptors. However, there is evidence that a drastic change
in conditions for the somatosensory system may leave the subjective vertical almost
unaffected. As shown by Lechner-Steinleitner and Scho¨ne (1980) and by Jarchow
and Mast (1999), alteration of sensory cues on the skin surface induced by wa-
ter immersion has no or only minor effects on the subjective vertical. Similarly,
in our active tilt experiments, subjects were also deprived of the skin contact cues
available in the passive experiments. On the other hand, they had cues from the
muscular effort required to avoid falling. Yet, despite all their massive changes in
somatosensory input, performance in the subjective vertical remained virtually the
same.
Finally, with regard to putative input signal ˆE, it is unclear to what extent the
brain really accounts for the ocular countertorsion evoked by roll tilt. Any eye tor-
sion not represented in ˆE will cause systematic errors with the sign of an E-effect
(Curthoys 1996, Wade and Curthoys 1997, De Graaf et al. 1992). Why we found
small E-effects in the present experiments, while none were seen in the earlier pas-
sive experiments, is not understood.
2. A-effect as a consequence of a computational strategy To explain the occur-
rence of large A-effects in the subjective vertical, Mittelstaedt (1983) has assigned
a major role to an internal signal, called idiotropic vector, which participates in
the computation of ˆL (not incorporated in Eqn. 3.2). Acting as a central bias signal
(Figure 3.8), the idiotropic acts to limit the size of the E-effect that would otherwise
be expressed due to supposed imperfections of the otolith signal, but at the cost of
increasing the A-effect at larger tilts. Since systematic errors are thereby reduced at
small tilt angles, which occur most often, the intervention of the bias signal can be
seen as a computational strategy that accepts the larger A-effect at the more rarely
encountered large tilts as the price to be paid. As a second beneficial consequence
pointed out by Mittelstaedt, the idiotropic vector hypothesis may help to explain
why the noisy scatter in the subjective vertical increases with tilt angle (see Fig-
ure 3.7A). Recently, Eggert (1998) has formulated an alternative theory, based on
optimal communication theory, which leads to similar predictions (see Chapter 2
for further details).
3. A-effect as a consequence of computational limitations As a logical alterna-
tive to hypotheses 1 and 2, we wish to consider the possibility that systematic errors
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may reflect errors in the computation of ˆL. According to this idea, the basic reason
is not in the input signals, nor in the application of a strategic element, but in the
computational process itself, showing signs of partial failure in case of extreme tilts
under reduced circumstances, e.g. the absence of a visual panorama. It seems rea-
sonable to surmise that these neural computations are highly complex and that the
brain may have to use approximations that are satisfactory in every-day situations
but are revealed in extreme, rarely-encountered testing conditions. An alternative
possibility is that the algorithm is basically sound but requires extensive calibration,
a condition not met in the rarely encountered large tilts.
Interestingly, a somewhat similar concept has been proposed by Blouin et al.
(1995) to account for the results of a multisensory matching task. They showed that
subjects make certain systematic errors in estimating the eccentricity of a visual tar-
get as well as in determining the magnitude of a passive whole-body yaw rotation.
However, when these estimates were combined in a matching task, resulting errors
did not directly reflect the underlying source signals. The authors suggested that
a deficient integration of these heterogeneous sensory signals by the higher level
perceptual system underlies this phenomenon.
Evaluation of hypotheses
Systematic errors To evaluate these various hypotheses further, we now proceed
by discussing to what extent the scheme illustrated in Figure 3.8 can account for
our data. To start with hypothesis 3, let us assume that the major A-effect still
found in active subjects is due to computational limitations in box SV (in this ver-
sion Mittelstaedt’s bias signal plays no role). The scheme proposes that the otoliths
(OTO), combined with non vestibular gravity signals (NVS), like efference copies
and somatosensory signals, provide an almost veridical but noisy representation of
tilt angle ρ . The resulting internal representation of head-in-space, ˆH, serves as
the basis for the self-tilt estimates (ST) and is used in the subjective vertical task.
We are aware that this assumption is controversial considering various suggestions
that self-tilt estimates may involve signals not involved in external space perception
(Bisdorff et al. 1996; Mittelstaedt 1988). While this may be the case, we feel that it
would be extremely odd if the ˆH signal underlying spatial perception would not be
at least as good. In other words, we reject hypothesis 1 and suggest that the ˆH signal
used for spatial perception, whatever its neural origin, has a similar quality level as
the signal sampled by the verbal self-tilt reports. Note that, if the major cause of
the A-effect is located in box SV, it is understandable why additional somatosen-
sory information and efference copies available to the actively moving subject are
not helpful. Improving the quality of an already reasonable ˆH signal will have no
striking effect on the subjective vertical if the central computation necessary for
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the reconstruction of ˆL is the major source of error. If our suggestion of a nearly
veridical ˆH signal is correct, the first justification for proposing an idiotropic vector
in hypothesis 2 loses its plausibility. Since the verbal estimates, thought to reflect
ˆH directly, do not show clear E-effects, there is no need for an idiotropic vector to
prevent them from spoiling performance in the subjective vertical task. The second
argument for proposing a strategic role for the idiotropic vector, noise reduction,
will be considered next.
Random errors If the noise data in Figure 3.7 are taken at face value, it is not dif-
ficult to see that they contradict the simple scheme (Figure 3.8) that we have been
discussing so far. To illustrate why, we will ignore signals related to eye torsion ( ˆE)
from now on and concentrate fully on signals ˆH and ˆR. Since system SV performs
an addition, the scheme predicts that the scatter that in the subjective vertical will
exceed the scatter in the verbal estimates, assuming the noise in ˆR and ˆH to be in-
dependent. In a major departure from this prediction, we can see in Figure 3.7 that
the subjective vertical scatter is actually clearly smaller for modest tilt angles. Un-
less this discrepancy has an alternative explanation (see below), this result cannot
be reconciled with the simplest version of the scheme in Figure 3.8. On the other
hand, this discrepancy in noise profiles would be expected from hypothesis 2. In
this sense, our data are compatible with Mittelstaedt’s proposal that the system, by
applying a central bias signal, may be sacrificing accuracy at large tilts (causing
A-effects) to gain precision at small tilts (low noise levels).
Before we can adhere to this elegant hypothesis, we have to consider the possi-
bility that this noise comparison may have been corrupted by the fact that we used a
different method to test the subjective vertical and to test self tilt. In the latter task,
we used verbal estimates on a clock scale. Although subjects were encouraged to
use half minute precision, it is conceivable that rounding off errors, and the need to
translate the percept into a scale (however familiar) may have led to exaggerated es-
timates of the noise in ˆH. To check this possibility, already discussed in Chapter 2,
we performed an experiment where passively tilted subjects were asked to make
verbal judgments of line orientations in earth coordinates. In this experiment, we
presented a variety of earth-fixed line orientations, not just those close to the sub-
jective vertical (see Methods). Figure 3.9 presents the results of one representative
subject for each of the four tested tilts (0, 45, 90 and 135◦). The verbal estimate
of the line’s orientation in world coordinates is shown as a function of its actual
orientation. Accordingly, the dashed line with unity slope represents ideal perfor-
mance. Considerable A-effects, expressed in positive y-intercepts of the regression
line, occurred for tilts of 90 and 135◦. The amount of noisy scatter clearly increases
with tilt angle. The pooled noisy scatter results, shown in Figure 3.7C, have higher
noise levels than in Figure 3.7A, but with a similar increasing tilt dependence. We
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Figure 3.9 Visual line orientation judgments obtained with the clock scale method at four
different static tilts. Verbal reports of the estimated line orientation are shown as a function
of actual line orientation for subject AB. It is clear that response scatter increased with
roll angle (panel A to D). Note the appearance of a small E-effect (i.e. a negative bias) at
45◦ tilt, and a consistent A-effect (indicated by a positive bias) at the two largest tilts. A
summary of the scatter results of all three subjects is shown in Figure 3.7C.
conclude that the noise level in the detection of orientation in world coordinates
depends on how it is tested. Accordingly, the disparity in noise levels between the
subjective vertical and the sense of body tilt is probably smaller than Figure 3.7A,B
suggest.
Conclusion
Our data show that during active tilt human subjects make systematic errors in the
subjective vertical despite their veridical percept of self tilt. We conclude, therefore,
that these errors do not result from inaccuracies in the underlying source signals but
70
reflect properties of the central computation, either as a consequence of a strategy
or due to a deficiency in combining heterogenous signals. Further experiments are
required to make a distinction between both possibilities.
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Chapter 4
Collicular microstimulation during
passive rotation does not generate fixed
gaze shifts
4.1 Introduction
There is general agreement that the control of rapid eye movements relies on a
common circuit involving burst neurons which is called into action both for goal-
directed saccades to a selected target and during quick phases generated by the
vestibulo-ocular reflex (VOR). Studies on VOR quick phases have typically side-
stepped the issue how they might interact with goal-directed saccades. However,
preliminary findings by Kitama et al. (1992) in the cat may have interesting impli-
cations for this question. These authors reported saccade-vestibular interactions in
electrically-induced collicular saccades (E-saccades) involving an anti-compensatory
vestibular signal. Since, if confirmed, such results would seem to provide an inter-
esting window on the neglected topic of saccade-quick phase interaction, we have
performed similar experiments in the passively-rotated monkey. A further reason
to pursue the basic observation of Kitama and coworkers is that it argues against
the notion of gaze constancy which has become a key feature of most current gaze-
control models. To provide a more detailed account of the relevant issues, the sub-
sequent sections will briefly review the literature on the neural control of fast eye
movements and on current ideas concerning saccade-vestibular interaction.
Adapted from: Van Beuzekom and Van Gisbergen J. Neurophysiol. revised version.
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Neural control of rapid eye movements
It is well established that signals for the generation of goal-directed saccades and
quick phases of nystagmus finally converge on a common brainstem circuit, involv-
ing excitatory burst cells (EBNs) and omnidirectional pause neurons (Figure 4.1),
known as the pulse generator (for reviews see Hepp et al. 1989; Keller 1991;
Moschovakis et al. 1996). EBNs specialized for horizontal and for vertical/torsional
rapid eye movements have been identified in the pontine reticular formation and the
rostral midbrain, respectively. They burst both during goal-directed saccades and
quick phases into their on-direction.
Omnipause neurons show a steady discharge during fixation and slow phases
of nystagmus, but cease firing during both types of rapid eye movements in any
direction. By disinhibiting burst neurons in this fashion, the omnipause neurons
gate the pulse generator and control the timing of rapid eye movements (Gandhi
and Keller 1999; Keller 1974).
In principle, this picture of how the pulse-generator circuit works can explain
the stereotyped and intermittent nature of rapid eye movements (Robinson 1975;
Van Gisbergen et al. 1981; Zee et al. 1976). The wider question of how and when
this system is called into action has been pursued mainly in studies concentrating on
more central saccadic control mechanisms (for reviews, see Guitton 1991; Sparks
and Hartwich-Young 1989; Wurtz 1996). This work has provided clear evidence
that the pathways for saccades to visual, auditory and tactile targets have already
converged at the level of the superior colliculus (SC) which plays an important role
in the sensory-motor transformation for the control of saccadic eye movements
(Groh and Sparks 1996; Jay and Sparks 1987; Sparks 1986). Burst cells in the
deeper layers of the SC exhibit a vigorous burst, tightly linked to saccade onset. In
contrast to the temporal coding of saccade components in EBNs, collicular neurons
are organized into a two-dimensional topographic map, representing the contralat-
eral hemifield, that specifies the relation between the locus of activity in the map
and the saccade vector (Robinson 1972, see also Figure 4.1). Collicular saccade-
related burst cells have limited movement fields (Schiller and Stryker 1972; Wurtz
and Goldberg 1972).
The generation of quick phases by vestibular signals has received much less at-
tention. Experiments in the cat (Ohki et al. 1988; Kitama et al. 1995; see Markham
1996 for review) have suggested an important role for burster driving neurons
(BDNs) in activating the pulse generator during these rapid eye movements (see
Figure 4.1). The possible role of the SC in the control of quick phases has received
only very scant attention but there is some evidence that quick phases also have
a neural representation in the colliculus map. For example, Schiller and Stryker
(1972) found that collicular burst cells that become active during goal-directed sac-
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Figure 4.1 Control signals underlying the generation of goal-directed rapid eye move-
ments and vestibular quick phases. The scheme illustrates the final common pathway for
goal-directed saccades and vestibular quick phases. To generate a saccade to a visual target
(top), the superior colliculus (second row) sends a displacement signal to the burst cells
(EBNs) downstream. When the bursters are enabled by the gate, embodied by the omni-
pause neurons (P), they send an eye-velocity signal to the motorneurons (MN). To generate
quick phases during head rotation, the head velocity signal from the semicircular canals
(far right) is sent by primary afferents (A) to the vestibular nucleus (VN). After further
processing of this signal, burster driving neurons (BDNs) activate the EBNs. An alterna-
tive and more hypothetical pathway for generating quick phases, through the colliculus is
also indicated (?). In parallel, the position-vestibular-pause cells (PVP) carry a compen-
satory VOR signal, that is suppressed during large gaze shifts. For simplicity, all neurons
contributing to rightward rapid eye movements have been depicted in the right half of the
scheme. Internal feedback signals have been omitted.
cades, may also show movement-related activity during quick phases. A systematic
movement-field study, however, has never been undertaken so that virtually noth-
ing is known on how the spatial distribution of this activity relates to the layout of
the collicular map. Reversible-inactivation experiments in the monkey by Hepp et
al. (1993) showed that the SC plays an essential role in the generation of volun-
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tary and goal-directed saccades: after inactivation hardly any saccades were made.
Quick phases, on the other hand, could still be generated, although their peak ve-
locities were clearly reduced.
Hess and Angelaki (1997b) studied quick-phase generation in the monkey dur-
ing yaw rotation about an earth-horizontal axis. Under these conditions, quick
phases not only reposition the eye into the direction of head motion, but also re-
orient the eye with respect to the earth vertical. Since this gravity-dependent mod-
ulation is probably a special property of quick phases, this result raises further
questions about the notion that the SC would be in the final common pathway for
saccades and quick phases. The fact that quick phases have three degrees of free-
dom whereas the SC motor map is two dimensional (Hepp et al. 1993; Van Opstal
et al. 1991) points in the same direction.
Earlier studies on saccade-vestibular interactions
These results on the afferent signals to the pulse generator for saccades and quick
phases, pictorially summarized in Figure 4.1, were mostly obtained in dedicated
studies concentrating on either system that left open how they operate in conjunc-
tion. For example, the fact that gaze shifts often involve a combined eye-head move-
ment immediately raises questions on how collicular targeting signals and oculo-
motor signals of vestibular origin are combined. The prevailing view is that the SC,
long seen as an area for the control of eye saccades, is actually a control center
for combined eye-head gaze shifts (Freedman et al. 1996; Freedman and Sparks
1997; Roucoux et al. 1980). If the brain decides that the head should contribute to a
voluntary gaze shift, will this simply lead to the addition of the vestibularly driven
eye movements that normally accompany head movements when there is no ex-
plicit target? Investigations concerning this question have mostly concentrated on
the slow-phase signal of the VOR and have provided evidence for slow-phase sup-
pression during large gaze shifts (Guitton and Volle 1987; Laurutis and Robinson
1986; Pe´lisson et al. 1988; Tabak et al. 1996; Tomlinson and Bahra 1986). Position-
vestibular-pause (PVP) cells, which are thought to carry a VOR slow-phase signal,
are inhibited during voluntary gaze shifts (Roy and Cullen 1998), possibly by inhi-
bition mediated by the pulse generator (see Figure 4.1).
If gaze shifts can affect the generation of VOR slow phases, how about the
quick-phase mechanism? While it is not hard to see a rationale for suppressing
slow-phase signals, which would counteract the gaze shift, predicting the fate of
the anti-compensatory quick-phases is not trivial from a theoretical point of view.
In any case, since different neurons are involved, slow-phase suppression does not
automatically imply quick-phase suppression. Experimental and theoretical stud-
ies considering the issue of whether quick-phase signals may contribute to goal-
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directed rapid eye movements when the head is moving have been rare. Against
this general background, the present study was undertaken with the objective to
clarify how collicular saccadic commands and vestibularly-related signals, quick-
phase related signals in particular, are combined when both systems are activated.
We asked how E-saccade properties would be affected by yaw rotation in either
direction, at various velocities. One potential scenario is that gaze-shift accuracy
of E-saccades is maintained during vestibular stimulation. Alternatively, electri-
cal stimulation may disinhibit the generation of an anti-compensatory quick-phase
movement by opening the pause-cell gate. Our monkey experiments confirm and
extend the earlier findings of Kitama et al. (1992) in the cat, thereby supporting the
second scenario. In many experiments, vestibular stimulation caused loss of spatial
constancy in E-saccades by adding an anti-compensatory component.
This result raised the important further question of whether this putative quick-
phase contribution was generated at 1- the vectorial coding stage embodied by the
SC motor map or 2- at downstream oculomotor centers carrying component-related
signals. Since vector averaging (Robinson 1972) would be expected if quick phases
have a collicular origin, the data were analyzed to check for this possibility. The re-
sults show no sign of averaging but rather reflect changes in the component aligned
with the direction of rotation and therefore seem compatible with the second hy-
pothesis.
4.2 Methods
Animal preparation and neurophysiological procedures
The experiments were performed in two adult male rhesus monkeys (Macaca mu-
latta), weighing 6-7 kg, that had been trained to accurately fixate visual targets.
The animals, denoted hereafter as BR and GI, were water deprived before the ex-
periment and received a small liquid reward after each correct fixation. All surgical
and experimental procedures were reviewed and approved by the university com-
mittee for the use of experimental animals. Surgical procedures were carried out in
the local central animal facility, which was responsible for housing, feeding, and
veterinary care.
Surgery To prepare the animals for chronical neurophysiological experiments, two
separate sterile surgical procedures were performed under inhalant anesthesia with
N2O/O2 and ethrane, in combination with infusion of pentobarbital. Blood pres-
sure, heart rate, oxygen saturation, and body temperature were continuously moni-
tored during surgery. The animal was artificially ventilated and end-tidal CO2 was
maintained around 4%. A venous canule was inserted in a hind leg to allow a steady
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infusion of pentobarbital and saline. In the first surgical session, a thin gold-plated
copper ring (diameter about 17 mm) was implanted underneath the conjunctiva of
the right eye, following a method described by Judge et al. (1980). The ring, which
became firmly attached to the eyes by connective tissue, served to record two di-
mensional eye movements (see below for details). In the second operation, a solid
cap was tightly fitted to the skull. This was done by placing 14 tapered titanium
bone screws (length 7.5 mm, diameter 2.7 mm) in drilled and tapped holes in the
skull and embedding them in sterile orthopedic bone cement (Palacos). Four stain-
less steel bolts were fixed in the cement cap to allow rigid fixation of the head
during experiments. A stainless steel recording chamber (11 mm inner diameter)
was stereotaxically implanted over a trephine hole, centered on the midline above
the intersection of the midsagittal plane and the interaural line, such that both col-
liculi could be reached by microelectrode penetrations.
Recording of neuronal activity Extracellular activity in the SC was recorded using
glass-coated tungsten microelectrodes (impedance 0.3-1.2 MΩ). The electrode was
placed inside a stainless steel guide tube to prevent damage to the tip during pene-
tration of the dura and was moved downwards by a hydraulic stepping motor (Trent
Wells), mounted on the chamber. After amplification (BAK Electronics, Model A-
1) and filtering (bandpass 100 Hz to 10 kHz), the electrode signal was monitored on
an oscilloscope and fed into a level detector such that individual action potentials
could be detected with a time resolution of 10 µs.
SC localization The localization of the SC was based on a number of neurophysi-
ological criteria.
1. The location of the recording and stimulation sites corresponded roughly to the
stereotaxic coordinates of the SC as given by Snider and Lee (1961). In both mon-
keys we encountered auditory activity at more posterior locations corresponding
with the inferior colliculus.
2. A relatively quiet area, corresponding to the overlying liquor-filled superior cis-
tern, was often passed before the SC was encountered.
3. A distinction could be made between the superficial visual and deep motor layers
of the SC by the response characteristics seen in the single and multi-unit record-
ings taken during visually-guided eye movements. The upper layers of the SC could
be identified by the activity of visual neurons with limited contralateral receptive
fields and response latencies of about 70 ms.
4. Saccade-related burst neuron activity was encountered in the deeper layers of the
SC. Here, saccades could be reproducibly elicited by electrical stimulation at low
current strengths (10-50 µA, see below for details). These E-saccades corresponded
in size and direction to the contralateral movement fields of nearby saccade-related
cells.
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Experimental procedures and setup
All experiments were conducted in a completely dark room. While seated in a pri-
mate chair, the head-restrained monkey was rotated about either a vertical or hor-
izontal axis through the cyclopean eye using a motor-driven vestibular stimulator.
Chair position was measured using a digital position encoder with an angular reso-
lution of 0.04◦(sample rate: 500 Hz). Visual targets were presented using an array
of red light-emitting diodes (LEDs). The array was attached to the vestibular stim-
ulator, with the center LED on the monkey’s naso-occipital axis at 0.39 m from
the cyclopean eye, so that it moved with the monkey during rotations. LEDs were
positioned on the intersections of seven circles at 5, 10,..., 35◦ and 12 meridians
every 30◦. In order to calibrate the eye-coil signals, sessions started with a run in
which the monkey made refixations from the central fixation LED to each of all 84
peripheral targets and maintained fixation as long as it was visible.
Eye position recording Two-dimensional eye position relative to the head was
recorded using the double-magnetic induction technique (Bour et al. 1984). Two
oscillating perpendicular magnetic fields (horizontal: 48 kHz, vertical: 60 kHz) in-
duced an eye-position dependent electrical current in the implanted eye ring which,
in turn, induced secondary currents in a sensitive pickup coil that was mounted
directly in front of that eye. A nulling coil, placed some distance away from the
recording eye on a rigid manipulator, electronically canceled the primary eye-
position independent signal component induced by the magnetic fields. After am-
plification and demodulation by lock-in amplifiers (PAR 128A), the raw horizontal
and vertical eye position signals were low-pass filtered (-3 dB at 200 Hz,
4th-order Bessel filter) and sampled with 12-bit resolution at 500 Hz per channel
(CED 1401plus). This technique provides a high resolution eye-position record-
ing (∼ 0.2◦ in all directions) with only small nonlinearities that that can be easily
accounted for using a relatively simple calibration procedure (see below).
Paradigms combining collicular microstimulation and vestibular
stimulation
Vestibular stimulation The experiments were designed to explore how E-saccades
were affected by vestibular stimulation compared with control data collected in
absence of vestibular stimulation. In all sessions, vestibular stimulation was applied
by rotation about the vertical axis, using a 0.15 Hz sinusoidal profile with a maximal
velocity of 66◦/s and an amplitude of 70◦. In each run, the monkey was rotated
continuously for 80 s. In six sessions, the monkey subsequently was also rotated
about a horizontal axis (0.2 Hz, 57◦/s, 45◦). In these combined yaw-pitch sessions,
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we used the same velocity profile also for yaw rotation.
What was intended as yaw rotation led to slow phases with a small pitch com-
ponent indicating that the monkey’s sagittal head plane was not perfectly aligned
with the earth-vertical rotation axis. The deviation was quantified by determining
the relation between horizontal and vertical eye velocity. The slope of this relation-
ship describes the deviation of the body axis from earth vertical. Deviations were
small, 2.47±0.91◦ for all sessions of monkey BR, 0.49±0.60◦ for all experiments
of monkey GI. Quick phases had a slight downward component in both rotation di-
rections (see Figure 4.2C), but this effect is probably related to drift compensation
and would not be expected on the basis of the small pitch component in vestibular
rotation.
Electrical stimulation E-saccades were elicited by electrical stimulation of sites
in the deeper layers of the caudal SC with a train of constant-current biphasic
pulses (BAK Electronics, Model BPG-1). The train always had a pulse frequency
of 500 Hz with each pulse lasting 0.2 ms. We reliably elicited various amplitude
saccades at 26 different collicular sites (nBR = 20, nGI = 6). At each site, threshold
was determined by gradually increasing the current strength. Stimulation threshold
was defined as the current intensity where at least 90% of all stimulations led to a
saccadic response while the monkey was scanning the experimental room. Exper-
iments were then conducted with a current up to 2.5 times threshold. With respect
to train duration, two different stimulation paradigms were in use. In the long para-
digm, we used train durations between 34 and 66 ms, ensuring that the site-specific
maximum amplitude E-saccade was elicited (nBR = 21, nGI = 5). At some sites (nBR
= 7, nGI = 4), we also applied a short 20 ms pulse train (short paradigm). Since the
two paradigms typically yielded different E-saccades, we will describe the results
as coming from different experiments. As a result, the total number of experiments
(37) exceeds the number of sites.
To entice the monkey to look straight ahead, the central LED was flashed for
50 ms at random intervals between 3.3 and 4.7 s, yielding 20 target presentations
every 80 s. We saw no consistent changes in the gain of the VOR at the time of
electrical stimulation due to the presentation of the straight-ahead LED. The mon-
key was rewarded when moving gaze toward the remembered position of the flash.
If after rewarding the monkey’s gaze was still near straight ahead (allowing max-
imally 10◦ horizontal or vertical deviations), an electrical stimulation pulse train
was applied (approximately 10 times every 80 s run). On average, there was a delay
of rougly 750 ms between the flash and the electrical stimulation. Care was taken
that electrical stimulation occurred at various phases of the sinusoidal vestibular
stimulation so that the effect of head velocity on E-saccades could be investigated.
In a typical session, approximately 160 E-saccades were elicited during rotation,
80
and about 190 during rest. In both paradigms, vestibular runs were alternated with
control runs that were similar except for the absence of vestibular stimulation.
Data analysis
Calibration of eye position Horizontal and vertical eye-coil signals were calibrated
off-line using fixation data obtained in the eye-coil calibration run at the beginning
of each experimental session. Two neural networks, one for each position com-
ponent, were trained to fit the raw fixation data to the target locations, using a
back-propagation algorithm based on the gradient-descent method of Levenberg-
Marquardt (Matlab, the Mathworks Inc.). This algorithm was used to correct for the
inherent nonlinearity of the double-magnetic induction technique. Each network
consisted of two input units, representing the raw horizontal and vertical signal,
three hidden units and one output unit, representing either the desired calibrated
horizontal or vertical position signal (Melis and Van Gisbergen 1996). Raw eye-
coil signals were subsequently calibrated by applying the resulting feedforward
networks. Calibration errors, i.e. the remaining error between actual target posi-
tion and corrected signal, were typically less than 0.5◦, on average. In all figures
rightward and upward eye and chair position will be denoted as positive.
Saccade detection and selection Saccade detection was performed on the cali-
brated eye position signals on the basis of separate velocity and acceleration/decel-
eration criteria for saccade onset and offset, respectively. All detection markings
were checked by the experimenter, and adjusted if necessary.
A rapid eye movement was considered an E-saccade if it started between 16 and
60 ms after the onset of the electrical stimulation train. E-saccades starting within
140 ms after a previous rapid eye movement were discarded from further analysis,
in order to minimize temporal interaction effects of the type reported by several
groups (Kustov and Robinson 1995; Nichols and Sparks 1995; Schlag et al. 1998).
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4.3 Results
To investigate the effect of vestibular stimulation, E-saccades were elicited by elec-
trical microstimulation in the SC during passive head rotation and during rest. We
will first provide data on the rapid and slow eye movements during vestibular stim-
ulation and present an overview of the range of E-saccade vectors tested in the
yaw-rotation experiments. Subsequently we describe the effect of vestibular stimu-
lation on the metric and kinematic properties of E-saccades.
Characteristics of nystagmic eye movements and range of tested
E-saccade vectors
Figure 4.2A shows eye position traces during yaw rotation. At the time marked by
the arrow, the electrical pulse train started and after a short latency an E-saccade
was made to the left and down. Since the E-saccade was elicited during ongoing
sinusoidal rotation, it occurred against a background of nystagmus eye movements.
The compensatory slow phase moved the eye in a direction opposite to the head
rotation (average gain: 0.79±0.08), while the anti-compensatory quick phases pre-
vented the eyes from getting stuck at the border of the oculomotor range. As noted
before, the quick phases did not just reset the eye to the straight-ahead position, but
typically ended at a more eccentric position, displaced into the direction of rota-
tion (see e.g. Chun and Robinson 1978). This so-called shift of the beating field is
further illustrated in panel B which shows quick phase end positions relative to the
head as a function of head-velocity phase, revealing a clear relation between the
end points of a quick phases and instantaneous head velocity ( ).
As shown by the gray-shaded density plot in Figure 4.2C, the metric properties
of quick phases in the absence of electrical stimulation showed wide scatter. The
mean quick-phase vector (+) had a horizontal component of 23.0◦. The downward
component of the mean quick-phase vector may reflect compensation for the clear
upward eye position drift in the dark (see trace V in panel A), as proposed by Fuchs
et al. (1996). The upward drift (velocity ∼ 5◦/s) was present in both monkeys. For
comparison, the open circles in panel C represent all mean E-saccade vectors that
were obtained in the control experiments performed in monkey BR (stimulation in
right SC). As can be seen, their amplitudes varied between 3.2◦ and 27.6◦ and their
directions covered the range from 113◦ to 243◦.
Statistical analysis of vestibular effects on E-saccade metrics
Qualitative observations by Kitama et al. (1992) in the cat suggest that vestibular
stimulation may change E-saccade metrics. We checked to what extent this is also
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Figure 4.2 Properties of quick phases and E-saccade vectors. Panel A shows horizontal (H)
and vertical (V) eye-position traces of nystagmus and an E-saccade elicited during a half
cycle of vestibular stimulation (chair). Panel B shows the horizontal offset position of a
large number of quick phases (n > 2,000) as a function of head rotation phase to illustrate
the shift of the beating field. Since the monkey’s attention was attracted by flashing the cen-
tral LED every four seconds (see Methods), all eye movements made until 750 ms after this
flash were discarded in order to isolate pure vestibular quick phases. Quick phases did not
reset the eye to the straight ahead position, but moved the eye to a more eccentric position.
Note that there is a clear relation with instantaneous head velocity ( ), showing a small
phase lead (16.7◦). Quick phase end position was roughly linear with chair velocity (slope
0.47 s). The distribution of quick-phase displacement vectors is presented in panel C, coded
by gray levels. Quick-phase vectors (n > 29,000) ended up in two similar distributions, as-
sociated with leftward and rightward rotation. Note that the mean leftward and rightward
quick-phase vectors (+) showed a clear downward vertical component of almost 5◦, prob-
ably to compensate for upward eye position drift (see panel A). This downward bias was
also observed in monkey GI (3.4◦, data not shown). The open circles (◦) represent the E-
saccade vector end points that were elicited in monkey BR by microstimulation in the right
SC.
true in the monkey and pursued the suggestion from this earlier work that yaw
rotation affects primarily the horizontal component. Our results show convincing
metric changes in most experiments but also revealed that not all effects were alike.
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Figure 4.3 Example of the effect of
yaw rotation on E-saccade metrics. E-
saccades elicited during rest ( ) and
during leftward (◦) and rightward ro-
tation (•) are shown (the first 15 sac-
cades recorded in each condition). Note
that yaw rotation systematically changed
the E-saccade vector. In general, E-
saccades elicited during rightward rota-
tion were smaller than the control sac-
cades. E-saccades evoked when the mon-
key was rotated to the left, into the half
field of the E-saccade, were larger. Data
from monkey BR. Stimulation duration:
20 ms.
Figure 4.3 shows results from an experiment where rotation introduced an obvi-
ous change in end point distribution. E-saccades in the stationary control condition,
represented by gray squares ( ), were directed to the left and down. Filled circles
(•) indicate E-saccades elicited when the monkey was rotated to the right at chair
velocities exceeding 20◦/s, open circles (◦) denote saccades elicited during leftward
yaw rotation in the same velocity range. Note that during rotation, saccade vectors
scattered more widely than the controls. It is clear that saccades elicited during
rightward rotation generally had smaller horizontal components than those elicited
during leftward rotation, i.e. into the half field of the E-saccade vector. In addition,
in this experiment, the vertical component also showed an effect of yaw rotation.
So, effectively, yaw rotation into the half field of the E-saccade tended to make it
bigger while opposite rotation made it smaller than in the control condition. How-
ever, as further analysis will show, just looking at end points may be deceiving
since effects of head velocity are superimposed on effects of initial eye position.
A statistical analysis was performed to isolate these two effects. First, vestibular
stimulation gave rise to nystagmic eye movements that caused some variability in
E-saccade starting positions, despite measures to limit this effect (see Methods).
Since it is known that E-saccade vectors may depend on initial eye position (Freed-
man et al. 1996; Klier et al. 2001; Segraves and Goldberg, 1992), it was essential
to quantify the impact of this phenomenon on E-saccade metrics. Second, we as-
certained to what extent the remaining variability in E-saccade metrics could be
related to the direction and magnitude of head velocity. Both factors were investi-
gated separately for horizontal and vertical components.
To quantify how horizontal (∆EH) and vertical components (∆EV ) of E-saccades
in a given experiment were related to initial eye position at saccade onset and to
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head velocity, we performed a multiple-linear regression:
∆EH = aHEHini +mH ˙Hyaw +bH
∆EV = aV HVini +mV ˙Hyaw +bV
(4.1)
where EHini and EVini represent initial horizontal and vertical eye position and ˙Hyaw
represents horizontal head velocity. Figure 4.4 shows the linear regression results
for the horizontal (left-hand panels) and vertical (right-hand panels) component of
all E-saccades elicited during the same experiment as shown in Figure 4.3. For
both components there was a reasonable correlation between data and model fit
(goodness-of-fit values 0.69 and 0.49, panels A and B). Model fits were generally
better for the horizontal component (mean R2 for horizontal 0.47± 0.25; vertical
0.30±0.21, based on all data from the two monkeys).
As can be seen from the coefficient values (aH = −0.45± 0.04 and aV =
−0.55±0.06), significant at the p < 0.001 level, the experiment in Figure 4.4 had
a clear E-saccade onset-position effect in both components. To visualize this ef-
fect of initial eye position in isolation, the partial-regression plots in panels C and
D show how variations in E-saccade onset position correlate to changes in com-
ponent size. The slopes of the regression lines reflect coefficients aH and aV , re-
spectively. The effects of initial eye position were far from negligible, as the range
of approximately 10◦ in associated component variations indicates. Note that both
components showed a similar onset position dependence, with comparable slopes
and goodness-of-fit values. The position effect was significant (p < 0.05) in the
majority of experiments, both for the horizontal (26/37) and the vertical compo-
nent (33/37).
However, initial eye position accounted only partly for the observed E-saccade
scatter. As shown by the partial-regression plots in panels E and F, there was an
additional clear relationship between head velocity and saccade component size.
Note that changes in component size increased linearly with head velocity, and that
leftward and rightward rotation altered the metrics of the E-saccade in opposite
directions. The effect, however, was more pronounced in the horizontal component
as expressed by the difference between coefficients mH = 0.095±0.006 s and mV =
0.025±0.005 s.
If the two factors in the multiple regression equation (initial eye position and
head velocity) are strongly correlated, caution is warranted to avoid erroneous con-
clusions. Collinearity becomes a point of concern for correlations beyond r = 0.95
(Belsley et al. 1980). We found that the actual correlations between the two fac-
tors remained far below this danger zone (horizontal: r = 0.40± 0.16; vertical
r = 0.22± 0.15). As an additional check, we compared goodness-of-fit values
(R2) for Eqn. 4.1 and a reduced version lacking the head velocity term. The re-
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← Figure 4.4 Combined effect of initial eye position and head velocity on E-saccade met-
rics. A multiple linear-regression analysis was performed to quantify the relation between
E-saccade component size, initial eye position and head velocity (see Eqn. 4.1). Together,
E-saccade onset position and head velocity can explain a considerable proportion of the
variations in both horizontal (panel A) and vertical (panel B) component, as can be seen
from the goodness-of-fit values (0.69 and 0.49, respectively). A graphic impression of the
underlying relationships can be derived from so-called partial regression plots that show
how changes in initial eye position (panels C and D) or head velocity (panels E and F)
account for variations in component size, here shown relative to the mean component size.
The slopes of the regression lines equal the coefficients found in the multiple regression.
Note that an eccentric onset position at E-saccade onset had a clear effect. The effect of
head velocity was stronger on the horizontal than on the vertical component. Note that both
relationships are linear. Since initial eye position and head velocity have an effect of equal
magnitude on E-saccade metrics, end-position plots like Figure 4.3, where both effects are
expressed superimposed, are of no use to get an impression of the specific effect of head
rotation. Arrows in E and F indicate how the slope of the two relationships determines
M-vector components. Same experiment as in Figure 4.3.
sults showed that the head velocity term significantly improved the R2 values of the
model in 31 out of 37 experiments for the horizontal component. This number was
considerably smaller for the vertical component (20/37). The partial R2 for head ve-
locity ranged from 0.00 to 0.91 (mean: 0.37±0.28) for the horizontal component.
In the vertical component we found a range from 0.00 to 0.37 (mean: 0.09±0.11).
A final indication that the analysis was sound is the similarity of the initial eye
position dependence in rest and during rotation (correlation coefficient r = 0.90,
slope 0.88± 0.06). The bias (coefficients bH and bV ) was also similar during rest
and during yaw rotation (correlation coefficient r = 0.99, slope 0.98±0.01).
In summary, the multiple-regression analysis is an adequate approach to sepa-
rate and quantify two distinct sources of variability in E-saccades with consistent
results. Most sites show a robust relation between the size of the horizontal compo-
nent and head velocity.
Characteristics of the metric rotation-effect
In what follows, we found it convenient to visualize the isolated metric effect of
head rotation as a vector, termed M-vector. The M-vector was defined as the change
in the E-vector in reponse to a 50◦/s rotation into the half field of the E-saccade. As
illustrated in Figure 4.4, its components were computed by taking mH ×−50◦/s for
the horizontal (panel E) and mV ×−50◦/s for the vertical component (panel F). Note
that each experiment yields one M-vector. So, the experiment in Figure 4.4 yielded
an M-vector with a horizontal component of -4.75◦ (0.095 s× -50◦/s) and a vertical
component of -1.25◦ (0.025 s × -50◦/s) that was directed to the left and downward.
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Figure 4.5 Overview of E-saccade vectors and M-vectors obtained in the two monkeys.
Data from all yaw rotation experiments in monkey BR (upper panels) and monkey GI
(lower panels). A variety of E-saccades was elicited, with amplitudes up to ∼25◦, and a
wide range of directions (panels A and C). This is in clear contrast to the M-vectors, that
all lie close to the horizontal axis (panels B and D), showing that yaw rotation mainly
modulated the horizontal component. Note that M-vectors can have amplitudes up to 8.3◦,
indicating that the vestibular modulation effect was often substantial. Notice also that M-
vectors can be directed opposite to the corresponding E-vector. Pooled for both monkeys,
the majority of the experiments (BR: 26 out of 28, GI: 5 out of 9) showed a significant mod-
ulation of the horizontal component, whereas a smaller number (BR: 14, GI: 6) exhibited a
significant effect on the vertical component (p < 0.05).
Since the M-vector was directed into the left half field, just as the E-vector (see
Figure 4.3), the head-velocity effect was anti-compensatory. If the system were to
keep the rapid gaze shift constant in the presence of head rotation (see Introduc-
tion), the M-vector should have been directed away from the E-saccade (rightward
in this case). The M-vector was also slightly downward, but less than the raw data
in Figure 4.3 which still contain the initial eye position effect. Our further analysis
will first concentrate on the question to what extent these M-vectors had the appro-
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Figure 4.6 Lack of spatial constancy during E-saccades. The size of the horizontal M-
vector component is shown as a function of E-saccade duration. The solid line (—) is
a prediction of the horizontal M-vector component if a -50◦/s head movement occurring
during the E-saccade were completely compensated: e.g. for a 40 ms duration saccade, the
horizontal M-vector component would be 0.040 s × 50◦/s = 2.0◦. The points would scatter
around the horizontal dashed line (- - -) if there were no effect of head-rotation at all. Note
that full compensation was rare. Data pooled from the two monkeys.
priate characteristics (sign and amplitude) to maintain E-saccade gaze constancy
during head rotation.
In Figure 4.5 we show all E-saccade vectors (left-hand column) and the corre-
sponding M-vectors (right-hand column), both for monkey BR (top row) and for
monkey GI (bottom row). Since the monkeys were stimulated in different colli-
culi, their E-saccades were directed into opposite hemifields. M-vectors occupied a
much narrower direction range than the E-saccades, mostly close to the horizontal
axis.
Violations of gaze constancy Recall that adjusting the E-saccade for the head
rotation, in order to keep the gaze shift constant, requires a horizontal M-vector
that is directed away from the E-saccade. Such oppositely-directed M-vectors were
found in 19 out of 37 experiments. In 14 experiments the compensatory effect was
significant (p < 0.05), but its magnitude was always relatively small. By contrast,
in the remaining 18 experiments we saw typically very robust anti-compensatory
effects which, with a single exception, were all significant (p < 0.05).
In Figure 4.6 we have pooled the M-vector results from both monkeys, rotating
all M-vectors from monkey GI by 180◦ as if they were obtained from E-saccades
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directed into the left hemifield, just as in monkey BR (see Figure 4.5A, B). The
solid line (—) shows the horizontal M-vector component required for gaze-shift
constancy, as a function of E-saccade duration. It represents the compensation that
would null out a 50◦/s head rotation occurring during the E-saccade and shows
that larger saccades require larger M-vectors because they last longer. The different
symbols denote results obtained in the long (•) and short stimulation paradigm (◦).
The shorter duration paradigm tended to yield smaller shorter-lasting saccades but,
as will become clear, our conclusions apply equally to both experimental condi-
tions.
The total data set in Figure 4.6 shows a gradual transition from full compen-
sation (near the solid line) to spectacular violations caused by anti-compensatory
metric effects (data points below the dashed line). The latter effect became more
and more predominant as saccade duration increased. Note that full compensation
was quite rare and was never observed in saccades above 20◦ (durations > 50 ms).
Although a considerable fraction of experiments yielded what we have called com-
pensatory M-vectors (positive horizontal M-vector components), the compensation
was mostly incomplete if not negligible. We conclude that, in a clear majority of
experiments, vestibular rotation led to violations of spatial accuracy, ranging in a
continuum from undercompensation to changes in the wrong direction.
Directional scatter A plausible explanation of the trend toward anti-compensatory
effects is that the electrical stimulation may have enabled both the saccadic and
the quick-phase system. If so, the question arises whether the putative quick-phase
contribution had a collicular or a more peripheral origin (see Introduction). With
this issue in mind, we analyzed the directional variability in M-vectors (Figure 4.5)
from the perspective of two hypotheses, each with different predictions.
The first hypothesis, suggested by Kitama et al. (1992), assumes that the M-
vector is aligned with the direction of rotation and predicts a zero vertical compo-
nent (see Figure 4.7). Adherence to this hypothesis would support the idea that the
metric changes reflect signal addition at the component level (see Introduction).
Deviations from horizontal alignment cannot be explained and are seen as noisy
variations of unknown origin. The second scenario to be examined is that the met-
ric effect expressed by the M-vector reflects a compromise between the E-vector
and the prevalent quick-phase vector (Q). This idea will be denoted as the averag-
ing hypothesis. If quick phases of nystagmus would obey similar rules of collicular
representation as visually-guided saccades (see Introduction), there must have been
two loci of SC activity during our experiments: one due to quick phases, the other
at the site of the electrode. Since there is evidence that two hills of activity in the SC
can cause compromise responses (Glimcher and Sparks 1993; Robinson 1972; Van
Opstal and Van Gisbergen 1990) it is interesting to consider what this would predict
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Figure 4.7 Schematic illustration of two vestibular-saccade interaction hypotheses. The
two hypotheses predict different effects of yaw rotation on the E-saccade vector. The white
vector marked Es denotes the E-saccade vector during rest, in the absence of vestibular
stimulation. The gray vector Ev is the prediction of the E-saccade during a 50◦/s leftward
rotation that yields leftward quick-phase vector Q. The rotation-alignment idea (left col-
umn) proposes that only the E-component aligned with the direction of rotation is mod-
ulated. So, in the case of yaw rotation, only a horizontal vestibular contribution is added,
while the vertical component remains unaffected. The vector-averaging hypothesis (right)
assumes that E-saccades during rotation reflect a compromise between the E-saccades dur-
ing rest and the ongoing quick phases, based on weighted averaging. The M-vector for each
hypothesis (M = Ev - Es) is also shown.
about M-vectors. If the vestibular metrics effect is based on weighted averaging be-
tween Q- and E-vectors, the M-vector should be directed along the line connecting
them (see Figure 4.7). Since the Q-vector was almost horizontal (see Figure 4.2C),
this hypothesis implies that oblique E-vectors should have an M-vector with a ver-
tical component.
In Figure 4.8 we have selected results from three experiments to illustrate how
the two hypotheses can be evaluated. To do this, we took the actual horizontal
component of the M-vector and predicted the corresponding vertical component
expected according to each hypothesis. The E-saccade vectors from the three ex-
periments, shown in panel A, were all directed into the left hemifield but ranged
in direction from slightly upward to somewhat downward. The experiment earlier
discussed in Figures 4.3 and 4.4 carries number 3. The actual M-vectors (panel B)
occupied a more narrow range of directions, close to the direction of vestibular ro-
tation (horizontal axis), as the rotation-alignment hypothesis predicts. However, the
alignment model is not perfect. The second scheme, which entails vector averaging,
requires that the predicted M-vectors are directed along the line connecting the E-
saccade vectors and the Q-vector. When this direction constraint is combined with
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Figure 4.8 Illustration of M-vector predictions. Panel A shows the E-saccade vectors from
three experiments in monkey BR. The end point of the average quick-phase vector during
head velocities between -45 and -55◦/s is marked by a plus sign (+). The effect of vestibu-
lar stimulation on E-saccade metrics is expressed in the M-vector (see text for details).
The M-vectors obtained in the three experiments (panel B) all point to the left, indicating
that rotation into the hemifield of the corresponding E-saccades increased their amplitudes,
mainly by modulating the horizontal component. Predictions of the vector-averaging hy-
pothesis are shown in panel C. Note that predictions from the averaging hypothesis do not
match the observed M-vectors at all (see text for more details).
the actually observed horizontal M-component to predict the vertical component,
these examples show that this scheme fails badly (Figure 4.8C).
The next step is to see how the pooled data relates to the two hypotheses out-
lined above (Figure 4.9). When we tried to do this for the averaging idea a problem
was encountered. As mentioned above, this hypothesis proposes that E-saccades
during rotation reflect a compromise between the putative quick-phase related SC
activity, due to vestibular stimulation, and the direct local activation by micros-
timulation. As a result, E-vectors should end somewhere on the line connecting
the E-vector during rest and the Q-vector. Consequently, the horizontal direction
of the M-vector required by this model is given by the horizontal components of
the E-vector and the Q-vector at a -50◦/s rotation. For 22 out of 37 of experiments,
it was not possible to predict an M-vector according to the vector averaging hy-
pothesis since the direction of its horizontal component already violated the idea.
Further discussion of the averaging predictions will concentrate on the remaining
experiments. The rotation-alignment hypothesis was applied to all data.
The vector averaging hypothesis (Figure 4.9C) predicts an M-vector distribu-
tion with a much broader range of directions than in the actual M-vectors shown in
Figure 4.9B. Figure 4.9D allows a direct comparison between the rotation-alignment
and the vector-averaging hypothesis by showing the actual vertical M-vector com-
ponent against the predicted values. The solid line with unity slope (labeled ‘aver-
aging’) represents the vector-averaging prediction of the vertical M-vector com-
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Figure 4.9 Summary of yaw-rotation effect on E-saccade metrics. Panel A shows all E-
saccade vectors, pooled from both monkeys. Saccades were elicited in a wide variety of
directions, with different amplitudes. The corresponding M-vectors are shown in panel B.
Note that in contrast to the directions of the E-vectors, most M-vectors were close to the
horizontal axis, indicating that mainly the horizontal component was modulated by yaw
rotation. As explained in the text, we tested two vestibular-saccade interaction hypotheses.
The M-vector distribution according to the averaging idea is shown in panel C. The pre-
dicted M-vector population shows a clear discrepancy with the actual M-vectors (panel B).
To evaluate both schemes quantitatively, panel D shows the actual vertical M-vector compo-
nent against the predicted value. If the hypothesis was valid, points would scatter round the
unity-slope line (labeled ‘averaging’). Note, however, that the points actually scatter near
the horizontal line, representing no vertical metric changes, as predicted by the rotation-
alignment model (labeled ‘align’). Open circles (◦) denote experiments in monkey BR,
filled circles (•) represent data from monkey GI.
ponent, based on the actual horizontal component. The horizontal line (labeled
‘align’) shows the prediction from the alignment hypothesis that vertical M-com-
ponents for yaw rotation will be zero. As can be seen, the actual vertical M-com-
ponents are generally much smaller than predicted by vector averaging so that this
idea has to be rejected. Instead, the data are in much better agreement with the idea
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subject n metrics kinematics
rotation vector rotation vector
alignment averaging alignment alignment
BR 28 0.67 5.26 12.1 31.5
GI 9 0.66 7.32 18.4 34.4
pooled 37 0.67 5.73 13.9 32.2
Table 4.1 Evaluation of direction predictions of M- and K-vectors from two different
schemes. Root-mean-squared errors were calculated for the predictions of the vertical
component of the M- and K-vectors (see Figures 4.9D, F and 4.13D), based on the ex-
perimentally determined horizontal components (dimensions: ◦ and ◦/s, respectively). The
rotation-alignment scheme performs best in both monkeys, both for the E-saccade metrics
and kinematics. Number of experiments is denoted by n.
that yaw rotation affects only the horizontal component. The slope of the regression
line (0.06± 0.03) does not deviate significantly (p < 0.05) from the prediction of
the alignment hypothesis. To provide a further quantitative comparison, the root-
mean-squared residual errors in the prediction of the vertical M-vector components
from both schemes are listed in the metrics section of Table 4.1. Note that the
rotation-alignment hypothesis gave the best description of the data in both mon-
keys. Its predictions were off by a mere 0.67◦, on average.
Specific kinematic changes in E-vectors induced by yaw rotation
This section will provide evidence to show that, in addition to the metric effect
described earlier, vestibular stimulation often also had clear consequences for the
kinematic properties of metrically matched E-saccades. Figure 4.10 shows the re-
lation between component size and component peak velocity for an experiment
yielding left-down E-saccades (∆EH = -21.9◦, ∆EV = -8.1◦). Open circles (◦) repre-
sent E-saccades during leftward rotation, filled circles (•) denote E-saccades when
the monkey was rotated to the right, both at chair velocities exceeding 50◦/s. There
was a distinct effect of vestibular stimulation on the kinematic properties of the hor-
izontal component as indicated by the vertical offset in the two clusters. E-saccades
with comparable horizontal components exhibited an approximately 100◦/s higher
horizontal peak velocity during leftward rotations (i.e. into the half field of the E-
vector). The vertical component showed hardly any change in peak velocity during
leftward rotations (Figure 4.10B).
Relying on a multiple-regression analysis, the dependence of horizontal and
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Figure 4.10 Illustration of vestibular-stimulation effect on E-saccade kinematics. Compo-
nent peak velocity is shown as a function of component size for E-saccades elicited during
leftward (◦) and rightward (•) rotation at rotation velocities exceeding 50◦/s. E-saccades
with equal horizontal components (panel A) showed an increased peak velocity during
leftward rotation (into the half field of the saccade). The kinematic effect in the vertical
component (panel B) was much less apparent. Data from monkey BR. Stimulation dura-
tion: 66 ms.
vertical peak velocity in the E-saccade, ˙EHmax and ˙EV max, on component size (∆EH
and ∆EV ) and horizontal head velocity ( ˙Hyaw) was quantified with:
˙EHmax = aH∆EH + kH ˙Hyaw +bH
˙EV max = aV∆EV + kV ˙Hyaw +bV
(4.2)
For both the horizontal and the vertical component, the regression fits provided a
good overall description of the peak-velocity data with goodness-of-fit values of
0.77 for horizontal and 0.80 for vertical (Figure 4.11A, B). Although it is known
that the amplitude peak-velocity relation saturates at large amplitudes, we found
that good fits could be obtained using the linear approximation of Eqn. 4.2, due to
the limited amplitude range in a given experiment (mean R2 for horizontal 0.69±
0.17; vertical 0.76± 0.10). In the experiment of Figure 4.11 there was a signif-
icant relation between peak velocity and component size as described by coeffi-
cients aH = 20.5±1.4 /s and aV = 24.2±1.1 /s (see partial-regression plots in Fig-
ure 4.11C, D). Similar highly-significant relations were seen for both components
in all experiments (horizontal mean partial R2: 0.58± 0.17; vertical: 0.74± 0.10).
The important result from the multiple-regression analysis is that yaw rotation af-
fected horizontal peak velocity of components of equal size in a linear fashion
(Figure 4.11E). Note that yaw rotation gave rise to a positive or negative change in
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← Figure 4.11 Statistical separation of component size and head velocity effects on E-
saccade kinematics. A multiple linear-regression analysis was performed to quantify the
relation between component peak velocity, saccade component size and head velocity (see
Eqn. 4.2). This model provides a good overall description of the data for both horizontal
and vertical components (goodness-of-fit values 0.77 and 0.80, respectively). As presumed
on the basis of the saccadic main-sequence relation, there was a clear correlation between
component size and component peak velocity (panels C and D). As indicated by the dif-
ferent slopes in panels E and F, the effect of yaw rotation on component peak velocity was
more pronounced in the horizontal than the vertical component. Arrows in E and F indicate
how the slope of the two relationships determines K-vector components. Same experiment
as Figure 4.10.
peak velocity (up to 10%), depending on the direction of rotation and head velocity.
The vertical component, on the other hand, showed only a minor kinematic effect
(Figure 4.11F).
Correlations between the terms of the multiple regression were modest (hor-
izontal: r = 0.49± 0.25, with one experiment exceeding r = 0.95; vertical r =
0.22±0.15), indicating that collinearity was generally not a point of concern. The
head velocity term contributed a significant increase in R2 values for the horizon-
tal component in 30 out of 37 experiments, and in 19 experiments for the vertical
component. Partial R2 values for the head velocity term ranged from 0.00 to 0.75
(mean: 0.27± 0.21) for the horizontal component and from 0.00 to 0.28 (mean:
0.08±0.09) for the vertical component.
Figure 4.12 provides an overview of the effects of vestibular stimulation on E-
saccade kinematics in the two monkeys. Using a similar approach as in the metric
analysis (see section ‘Characteristics of the metric rotation-effect’), the change in
peak velocity due to a 50◦/s rotation into the half field of the saccade, based on
the coefficients kH and kV as illustrated in Figure 4.11E, F, was taken as a measure
of the kinematic effect (denoted as K-vector). Panels A and C display the peak-
velocity vectors of the E-saccades whose directions show a close resemblance to
the E-vectors in Figure 4.5, indicating that E-saccades followed a roughly straight
path. The corresponding K-vectors (panels B and D) scatter about the horizon-
tal axis, with on average a slight downward component. Kinematic changes were
more pronounced in the horizontal component, the horizontal range was approxi-
mately three times the vertical range. The typical kinematic effect, seen in almost
all (34/37) experiments, was that horizontal peak velocity increased for rotation
into the half field containing the ˙E-vector (see also Figure 4.11). Only three K-
vectors were directed in the opposite half field, but none of them was significant.
As a sign that the metric effect and the kinematic effect are independent, at least
to some extent, there were 23 experiments where M-vector and K-vector were di-
rected in opposite hemifields. In other words, irrespective of whether rotation into
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Figure 4.12 Overview of E-saccade peak-velocity vectors and corresponding K-vectors for
both monkeys. Data from all yaw rotation experiments in monkey BR (upper panels) and
monkey GI (lower panels). The directions of E-saccade peak-velocity vectors ( ˙E) closely
resemble those of the E-saccade (see Figure 4.5A, B). In both monkeys, the K-vectors
scattered about the horizontal axis (panels B and D). As indicated by the size of the largest
K-vectors, yaw rotation at 50◦/s could change peak velocity by as much as 70◦/s. Most
experiments (BR: 24 out of 28, GI: 7 out of 9) showed a significant change in horizontal
peak velocity, whereas a smaller number (BR: 16, GI: 3) exhibited a significant effect on
the vertical component (p < 0.05).
the half field of the E-saccade made it larger or smaller, the resulting saccade almost
invariably showed velocity enhancement.
As Figure 4.13A, B shows, K-vectors clustered more thightly about the hori-
zontal axis than the ˙E-vectors. Nevertheless, since the vertical K-components are
not negligible, the question arises how the data should be interpreted. We compared
two hypotheses. 1- K-vectors are aligned with the direction of rotation and 2- K-
vectors represent a change in vectorial peak velocity. As in the metric analysis,
we found that the rotation-alignment hypothesis provided the best description of
the data (Figure 4.13C). The vertical K-vector components predicted on the basis
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Figure 4.13 Effect of yaw rotation on E-saccade kinematics. Panel A shows the pooled E-
saccade peak-velocity vectors ( ˙E). The corresponding K-vectors are shown in panel B (see
also Figure 4.12). The rotation-alignment hypothesis provides the best description for the
data. This is illustrated by the relation between the predicted vertical K-vector component
and the actual K-vector component (panel C). Since the vector-averaging hypothesis specif-
ically concerns a metric effect, it was excluded from the kinematic analysis. Open circles
(◦) denote experiments in monkey BR, filled circles (•) represent data from monkey GI.
of the vectorial hypothesis (line marked ‘vector’) fail to match the observed data
which are close to the rotation-alignment prediction (marked ‘align’). An analysis
of residual errors (listed in Table 4.1, right-hand side) further substantiated that the
rotation-alignment hypothesis was clearly better, in both monkeys.
Yaw versus pitch rotation
The yaw-rotation data presented above, strongly suggest that changes in metrics
and kinematics of E-saccades predominate in the horizontal component, aligned
with rotation direction. To test whether the rotation-alignment hypothesis has a
more general validity, we performed separate horizontal and vertical rotation ex-
periments in six different sites and determined M- and K-vectors for each rota-
tion direction. According to the rotation-alignment hypothesis, M- and K-vectors
should be aligned with the horizontal axis during yaw rotation, and be aligned with
the vertical axis during pitch rotation.
The upper panels of Figure 4.14 display the results of the metric analysis. E-
saccades had various directions into the left hemifield (panel A), but most yielded
horizontally directed M-vectors during yaw rotation (panel B). During pitch rota-
tion, E-saccades elicited at the same site showed mainly changes in the vertical
component (panel C). Even more convincing support for the alignment hypothesis
was provided by the kinematic analysis (lower panels). Note that during yaw ro-
tation all K-vectors pointed to the left, in the same half field as the peak-velocity
vectors. By contrast, pitch rotation changed the picture entirely (panel F). The fact
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Figure 4.14 Comparison of the effects of yaw and pitch rotation on E-saccade metrics and
kinematics. E-saccades were elicited at the same stimulation sites (n = 6) during yaw and
pitch rotation. To further test the rotation-alignment model, we analyzed E-saccade metrics
(summarized in the upper panels) and kinematics (summarized in the lower panels). As
predicted on the basis of the rotation-alignment model, the M-vectors during yaw and pitch
rotation are clearly different. Whereas horizontal rotation results mostly in modulation of
the horizontal component, vertical rotation acts mainly on the vertical component. This
rotation dependency is also observed in E-saccade kinematics. Only the E-saccade peak-
velocity component that is aligned with rotation direction is modulated. The yaw-rotation
data from these combined sessions was included in the metric and kinematic analysis of
yaw-rotation effects, presented before. Data from monkey BR.
that peak-velocity vectors showed both positive and negative vertical components
(panel D) explains why there were both upward and downward K-vectors during
pitch rotation. A summary of a quantitative comparison is listed in Table 4.2.
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yaw pitch
rotation vector rotation vector
alignment alignment alignment alignment
metric 29 ± 26 - 22 ± 14 -
kinematic 24 ± 21 46 ± 27 18 ± 23 59 ± 26
Table 4.2 Evaluation of rotation-alignment and vector-alignment hypotheses on the basis
of the combined yaw-pitch experiments. The rotation-alignment idea predicts that the M-
and K-vectors are aligned with the direction of rotation (horizontal during yaw rotation
and vertical during pitch rotation). The vector-alignment hypothesis entails that M- and K-
vectors are always aligned with E- and ˙E vectors, respectively, so that they should be the
same during yaw and pitch rotation. Numbers denote the angular deviations (in ◦) between
the model predictions and the actual M-and K-vectors. In line with earlier observations, the
rotation-alignment model provides the best description of the metric and kinematic data, in
both monkeys.
4.4 Discussion
Overview of main experimental findings
This investigation into the effect of passive vestibular stimulation on rapid eye
movements has shown clear changes in the metrics of E-saccades that were most
pronounced in the component aligned with the direction of rotation and were pro-
portional to instantaneous head velocity. The regression analysis yielding this result
was designed to rule out that these metric changes were due to changes in the start-
ing position of the E-saccades. Our results confirm the original observation by Ki-
tama et al. (1992) in the cat that vestibular stimulation may give rise to considerable
anti-compensatory changes (see Figure 4.5). However, other experiments yielded
the opposite result, compensatory changes in E-saccade metrics, as if the system
was attempting to maintain a degree of gaze-shift constancy. The results show that
there actually was a gradual transition between these two opposite extremes (see
Figure 4.6).
A further major finding in the present study is that rotation into the half field
containing the E-saccade nearly always made it faster (see Figure 4.12). This robust
kinematic effect was again essentially limited to the rotation-aligned component,
reversed with the direction of rotation and was proportional to head velocity. When
the monkey was subsequently rotated in pitch, the metric and the kinematic effect
became predominant in the vertical component of E-saccades (see Figure 4.14).
101
The kinematic effect is not a trivial epiphenomenon of the metric effect. We took
great care to show that it occurred in metrically-matched E-saccades. Furthermore,
the two effects can even be opposite. In the next section, we try to delimit the neural
stage where the convergence of saccadic and vestibular signals may have occurred.
Evidence that the modulation occurs downstream of the SC
As outlined in the Introduction, it has been shown that the pathways for saccades
to visual, auditory and tactile targets have already converged at the level of the SC
where movement vectors are coded spatially in a motor map. It is not clear whether
this applies also to vestibular quick phases. Neural activity related to quick phases
has been demonstrated in the SC (Schiller and Stryker 1972) but its functional sig-
nificance has always been enigmatic. If the spatial distribution of quick-phase acti-
vity conforms to the collicular map, there must have been two loci of collicular ac-
tivity during our experiments: one due to the electrical stimulation, the other corre-
sponding to the metrics of the quick phases evoked by vestibular stimulation. There
is evidence from double-target experiments (Glimcher and Sparks 1993; Van Opstal
and Van Gisbergen 1990) and double electrical-stimulation experiments (Robinson
1972) that having two areas of collicular activity may give rise to a phenomenon
called saccade averaging, resulting in a compromise movement. If averaging was
responsible for the metric modulation effect during vestibular rotation, one would
expect the M-vector to be directed toward the site near the horizontal meridian
where the vestibular activity locus would be expected (see Figure 4.7, right-hand
section). As our results have shown, the actual M-vector directions did not square
at all with this hypothesis (see Figures 4.8C and 4.9C, D). So, our study does not
provide evidence for a collicular role in the observed interaction effects.
Since we found that the metric and kinematic effects were predominant in the
E-saccade component aligned with the direction of rotation (see Figs 4.9D and
4.13C), the most parsimonious explanation is to assume that they occurred at a level
where components are specified, rather than at a vectorial-coding stage. If so, the
interaction site must have been somewhere downstream of the superior colliculus,
in line with earlier models for the generation of quick phases which emphasized
the role of brain stem mechanisms (Anastasio 1997; Galiana 1991). All signifi-
cant kinematic effects indicate involvement of an anti-compensatory signal, just as
many of the metric findings. In addition, both metric and kinematic changes were
proportional to head velocity. To explain these observations, we assume that a head-
velocity signal, that carries the appropriate sign, was added to the horizontal com-
ponent of the E-saccade. More specifically, since BDNs carry such a head velocity
signal (see Figure 4.1), we suggest that cells of this type (or a neural equivalent)
may have been involved. Normally, during vestibular rotation applied in isolation,
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the head-velocity signal of BDNs will not come to expression since EBNs are shut
of by the pause cells. Only if the BDNs carry a burst, their activity will be strong
enough to enforce a rapid eye movement (a quick phase). However, the situation
becomes different in the conditions of our experiment when the pause cell gate has
already been forced open by the collicular E-stimulation. Once the gate is open,
we suggest, the added head-velocity signal can augment or decrease the burst cell
signal imposed by SC stimulation, depending on the direction of rotation relative to
the direction of the saccade. Since the head-velocity signal is only present on hori-
zontal BDNs, only horizontal burst cells would be affected in this fashion, leaving
the vertical burst cells unmodified. Such a scheme can nicely explain the kinematic
modulation effect typical of virtually all experiments, including the observation
that the effect was proportional to head velocity. It should be noticed that the more
specific version of our hypothesis can only be preliminary since BDNs, which have
been amply studied in the cat, have only been found in the vertical channel in the
monkey, so far (Kaneko and Fukushima 1998).
The involvement of an anti-compensatory signal in the kinematic data is obvi-
ous (see Figure 4.12) but why did this not always lead to anti-compensatory metric
changes? Recall that compensation for the ongoing head movement was almost
never complete and was seen only in smaller E-saccades (see Figure 4.6). Could
VOR slow-phase addition have played a role as well, in this amplitude range, by
adding a compensatory signal (see Figure 4.1)? It is thought that the gain of the
VOR is attenuated during large gaze shifts, leaving the VOR active during small
saccades (Guitton and Volle 1987; Laurutis and Robinson 1986; Pe´lisson et al.
1988; Roy and Cullen 1998; Tabak et al. 1996; Tomlinson and Bahra 1986; Tomlin-
son 1990). The addition of such a VOR signal may account for the partial compen-
sation that decreases with E-saccade amplitude. Settling these questions concerning
the precise neural origin of the compensatory and anti-compensatory signals awaits
further investigation. Our results also raise a quite different issue that we will have
to discuss: The occurrence of anti-compensatory metric effects appears directly at
odds with firmly-based notions about the spatial accuracy found in natural gaze
shifts.
Spatial accuracy in natural and electrically-induced gaze shifts
An important question is how the oculomotor system can generate accurate gaze
shifts, both when the head is still and when it is moving. There is considerable
evidence that the gaze control system can produce accurate gaze shifts, even though
the head contribution varies from trial to trial (for review, see e.g. Guitton 1992). It
also has become apparent that sudden perturbations of the head movement, as well
as passively imposed head movements, are taken into account so that gaze accuracy
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is maintained (Guitton and Volle 1987; Laurutis and Robinson 1986; Pe´lisson et al.
1988, 1995; Tomlinson and Bahra 1986; Tomlinson 1990). The problem for the
brain, in controlling accurate gaze shifts, is to implement an eye-head strategy that
allows all involved subsystems (saccadic system, quick-phase system, VOR and the
head control system) to cooperate.
The question of how this is possible has been subject of extensive investigation
and modeling efforts. Bizzi and colleagues (Bizzi et al. 1971; Dichgans et al. 1973;
Morasso et al. 1973) suggested that even when the saccadic command for a given
target location would always be fixed, independent of whether the head is fixed
or free, the variable head contributions would be nulled out by the VOR. Since it
appears that the VOR is at least partially suppressed during large gaze shifts (Gui-
tton and Volle 1987; Laurutis and Robinson 1986; Pe´lisson et al. 1988; Roy and
Cullen 1998; Tabak et al. 1996; Tomlinson and Bahra 1986), this so-called linear
addition hypothesis fails to explain the data during large gaze saccades. As an alter-
native explanation of gaze accuracy, several models have suggested that the control
signal in the head-free situation is a desired gaze-displacement command (Guit-
ton and Volle 1987; Laurutis and Robinson 1986; Roucoux et al. 1980; Tomlinson
and Bahra 1986; for reviews see Becker 1991 and Guitton 1991, 1992). In these
schemes, gaze feedback adjusts the saccadic control system for the variable head
contributions that may change from trial to trial.
If the electrical stimulation in the SC evokes a desired gaze shift to a spatially-
fixed location, the oculomotor system somehow needs to correct the eye contribu-
tion for any ongoing head movement to maintain gaze-shift constancy and ensure
spatial accuracy. Actually, our results show that in a clear majority of experiments
vestibular rotation led to violations of spatial accuracy, ranging in a continuum from
undercompensation to changes in the wrong direction (see Figure 4.6). Looking for
a plausible source of the anti-compensatory vestibular signal, responsible for these
violations, we have already proposed that the quick-phase system may have been
responsible (see section ‘Evidence that the modulation occurs downstream of the
SC’). This suggestion is not new: the possibility that the quick-phase system may
be active when the head rotates is one of the major features in the models proposed
by Barnes (1981) and by Guitton and Volle (1987). In their schemes, the brainstem
pulse generator is driven by the saccadic and the quick-phase systems, working in
conjunction, but gaze feedback ensures that spatial accuracy is maintained.
Such a contribution from the quick-phase system may have been responsible
for ‘some extra source of innervation’ to the pulse generator invoked by Laurutis
and Robinson (1986) who investigated the eye contribution during gaze shifts when
subjects were passively rotated toward the target. They found that these saccades
became faster (reminiscent of our kinematic findings) but nevertheless retained
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their accuracy (no metric effect): a clear difference with the present results. Our
frequent failure to see gaze-accuracy is also in stark contrast to several other stud-
ies showing that natural gaze saccades to a visual target do maintain spatial ac-
curacy, independent of whether the head movement is normal, perturbed or pas-
sively generated (Guitton and Volle 1987; Pe´lisson et al. 1988, 1995; Tomlinson
and Bahra 1986; Tomlinson 1990). Recently, we have studied saccadic responses
to flashed targets in head-fixed human subjects during passive vestibular rotation
(Van Beuzekom and Van Gisbergen, submitted). Refixations to the remembered
target often consisted of several saccades and showed evidence of compensation
for intervening vestibular eye movements.
Furthermore, there is evidence that eye-head coordination mechanisms govern-
ing normal gaze shifts to visual targets and those determining electrically-induced
gaze shifts in the head-free and the head-fixed animal may be different as well.
Coimbra et al. (2000) observed in the cat that increasing the moment of inertia of
the head led to compensatory changes in the eye saccade when the target was a vi-
sual flash but these adjustments were absent when the gaze shift was elicited by col-
licular electrical stimulation. Freedman et al. (1996) have emphasized that there are
strong similarities in the partitioning of the total gaze shift into eye and head contri-
butions in both paradigms (electrical stimulation versus natural behavior) when the
head is free to move. For example, the eye contribution in both types of experiment
is strongly dependent on initial eye position. However, if the same collicular site is
then activated by electrical stimulation while the head is kept fixed, the typical re-
sult is that the eye still maintains the same initial eye position dependence without
compensating for the lost head contribution. By contrast, when there is a natural
target, the eye makes a larger movement to keep the total gaze shift normometric.
This discrepancy can be seen as another indication that electrically-induced gaze
shifts seem to ignore crucial information that is available to the normal system. It is
as if gaze shifts caused by electrical stimulation follow rigid default rules for speci-
fying eye and head contributions that fail to take into account that certain conditions
may make this default strategy inadequate.
It is still unclear why E-saccades lack the ability of normal saccades to maintain
gaze-constancy during passive rotation. The hypothesis that the putative gaze feed-
back system is corrupted during E-stimulation (Coimbra et al. 2000) is interesting
but requires further refinement. It should take notice of the fact that an electrically-
induced gaze disturbance of the natural response to a visual remembered target is
properly corrected (Pe´lisson et al. 1995), indicating that the internal feedback loop
can monitor even these artificial movements accurately. Motor strategies based on
feedforward mechanisms, calibrated by training, deserve more attention than they
have received so far. As work on saccadic adaptation has shown (Melis and Van
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Gisbergen 1996), if a natural saccade has been adapted to new circumstances, this
change in the control signals does not transfer to comparable E-saccade vectors.
Since E-saccades lack several signals accompanying normal saccades, feedforward
contributions recruited by these signals may also be different. By providing a tool to
corrupt spatial accuracy, the paradigm used in this study may be valuable in further
exploration of its underlying mechanisms.
Conclusion
Our data show that vestibular stimulation modulated E-saccade metrics and kine-
matics. Since the effect predominated in the E-component aligned with the direc-
tion of rotation, we suggest that saccadic and vestibular signals converge down-
stream of the colliculus. Addition of an anti-compensatory signal, attributed to
the quick-phase system, often led to clear violations of spatial accuracy. Why E-
saccades deviate from normal saccades in this respect remains to be determined.
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Chapter 5
Interaction between visual and
vestibular signals for the control of rapid
eye movements
5.1 Introduction
At the level of the brainstem, the generation of voluntary saccades and of the reflex-
ive quick phases of nystagmus relies on a shared neural network, involving burst
cells and omnipause neurons, known as the pulse generator (for reviews see, Hepp
et al. 1989; Keller 1991; Moschovakis et al. 1996). This arrangement raises inter-
esting questions on how these systems interact when both pathways are activated
simultaneously. Since the generation of saccades and quick phases has commonly
been studied in isolation, the problem of how these systems can function in con-
junction has largely been ignored.
It is known from neurophysiological studies that the vestibular driving signals,
including the shared pulse generator for fast eye movements, are coded temporally
at the component level. Excitatory burst cells specialized for horizontal and for ver-
tical rapid eye movements have been identified in the pontine reticular formation
and the rostral midbrain, respectively. These cells are recruited both during volun-
tary saccades and reflexive quick phases into their on-direction (Keller 1974).
It is well established that the pathways for saccades to visual, auditory and tac-
tile targets have already converged at the level of the superior colliculus (SC) which
plays an important role in the sensory-motor transformation for the control of sac-
Adapted from: Van Beuzekom and Van Gisbergen J. Neurophysiol. submitted.
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cadic eye movements (Groh and Sparks 1996; Jay and Sparks 1987; Sparks 1986).
Collicular neurons are organized into a two-dimensional topographic map, repre-
senting the contralateral hemifield, that specifies the relation between the locus of
activity in the map and the saccade vector (Robinson 1972). In this way, goal-
directed saccades are initially represented as vectors in spatially organized motor
maps that are subsequently decomposed and transformed into the temporal code
of the pulse generator. Interestingly, there is some evidence for quick-phase re-
lated activity in the collicular motor map (Schiller and Stryker 1972). A systematic
movement-field study, however, has never been undertaken so that virtually nothing
is known on how the spatial distribution of this activity relates to the layout of the
collicular map. The evidence for convergence both in the SC and at the level of the
pulse generator implies that visual and vestibular signals for the generation of rapid
eye movements may interact at two levels of coding (vectors and components).
In an earlier study (Chapter 4), we investigated the interaction in the monkey
by eliciting saccades by microstimulation in the superior colliculus during passive
head rotation. We found robust metric and kinematic effects that were predominant
in the component aligned with rotation. The component specific nature of the ob-
served changes suggested that the effects may have been caused by convergence
of saccadic and vestibular signals at a component-coding stage downstream of the
colliculus.
To investigate saccade-vestibular interactions under more natural conditions in
the present study, saccades were elicited by presenting a flashed, head-fixed target
at an oblique meridian while the subject was being rotated in yaw. Our main ob-
jective was to investigate how the saccadic system would cope with the interfering
effects of ongoing horizontal nystagmus, quick phases in particular. We wondered
whether there would be indications of a hierarchy allowing the saccadic targeting
system to suppress the quick-phase system and investigated the possibility that the
voluntary and the reflexive system would produce compromise responses. The re-
sults actually show signs of both scenarios.
Quick phases directed to the hemifield away from the flash were suppressed at
short latencies, before voluntary saccades could be generated. By contrast, quick
phases directed toward the flash were not suppressed and showed visual modifica-
tion in their metrics at even shorter latencies. In an anti-saccade task, such unsup-
pressed quick phases led to frequent errors. In a substantial number of trials we saw
incongruent responses where the vertical component showed a correct anti-saccade
response whereas the horizontal component was wrongly directed toward the flash.
We suggest that this behavior reflects convergence of parallel voluntary and reflex-
ive signals, probably downstream from the colliculus. A preliminary report of our
findings has appeared in abstract form (Van Gisbergen and Van Beuzekom 2000).
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5.2 Methods
Subjects
Five healthy male subjects, aged between 21 and 56 years, participated in the ex-
periments. Three of them (AB, JG and PM) had knowledge about the purpose of
the experiments, whereas the other two were naive.
Setup
All experiments were conducted in a completely dark room. The subject was seated
in a motor-driven vestibular stimulator that could be rotated about a vertical axis.
Chair position was measured using a digital position encoder with an angular res-
olution of 0.04◦. To avoid body movements, the subject’s trunk was tightly fixed
using adjustable shoulder and hip supports. The head was firmly stabilized in the
natural upright position for looking straight-ahead with a padded adjustable helmet.
Two-dimensional monocular eye position was measured with the scleral search
coil technique (Collewijn et al. 1975) using oscillating magnetic fields generated
by two sets of orthogonal coils (0.77× 0.77 m) inside the vestibular stimulator.
The signals from the eye coil were amplified, demodulated and low-pass filtered
(200 Hz) and sampled at 500 Hz per channel. Data were stored on hard disk for
off-line analysis.
Visual targets were presented using an array of red light-emitting diodes (LEDs).
LEDs were positioned on the intersections of five circles at 5, 10,..., 25◦ and 12
meridians every 30◦. The screen was attached to the vestibular stimulator with the
center LED on the subject’s naso-occipital axis at 0.39 m from the cyclopean eye.
In order to calibrate the eye-coil signals, sessions started with a run in which sub-
jects made refixations from the central fixation LED to each of 36 peripheral targets
(eccentricity 10, 20 or 30◦) and maintained fixation as long as it was visible.
Paradigms
Two paradigms, described in more detail below, were designed to collect oculo-
motor responses to flashed targets during vestibular rotation (visuo-vestibular pa-
radigm) and to collect control data while the subject was stationary (visual para-
digm). Prior to the calibration, subjects were given a practice run to get used to
both paradigms. In all experiments, vision was binocular. Subjects never received
feedback about their performance.
Visual stimulation Two visual paradigms, involving a pro-saccade and an anti-
saccade task were used in separate sessions. In both paradigms, an LED was flashed
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for 4 ms, at an eccentricity of 20◦ in one of eight randomly chosen oblique direc-
tions [30, 60, 120, 150, -30, -60, -120, -150◦], where 0◦ corresponds to a rightward
position and 90◦ points upwards. In the pro-saccade task, the subject had to look
straight-ahead until the target appeared and then to shift gaze as accurately as possi-
ble to its remembered location. He was asked to recenter gaze after a short fixation
period at target location. No central fixation LED was provided. Visual targets were
presented at random times, with an intermediate time interval of at least 2 s. Each
run lasted 96 s and contained 32 target presentations, four times at each oblique
meridian. In the anti-saccade task, the subject had to shift gaze toward the posi-
tion opposite to the flashed target. Due to the more complex nature of this task, the
time between two target presentations was increased so that 24 targets were flashed
every 96-s run.
Visuo-vestibular stimulation To test how targeting saccades would interact with
vestibularly induced eye movements, the visual stimulation was combined with
vestibular stimulation in the visuo-vestibular experiment. The subject, again in-
structed to look straight ahead, was rotated sinusoidally about the vertical axis at
0.17 Hz with a peak velocity of 73◦/s. Each run consisted of 16 sine periods. All
subjects were tested using 8 visuo-vestibular runs that were alternated with 8 vi-
sual stimulation runs, described above. The instruction was identical in both con-
ditions, but in the case of the visuo-vestibular experiments it was emphasized that
the flashes were to be targeted in a head-centered frame of reference, moving with
the rotating chair, rather than in an earth-fixed coordinate system.
Data analysis
Horizontal and vertical eye-coil signals were calibrated off-line using the fixation
data obtained in the eye-coil calibration run (see above). Two neural networks,
one for each eye-position component, were trained to fit the raw fixation data to
the target locations (Melis and Van Gisbergen 1996). Each network consisted of
two input units (representing the raw horizontal and vertical signal), three hidden
units and one output unit (representing the desired calibrated horizontal or vertical
position signal). Raw eye-coil signals were subsequently calibrated by applying the
resulting feedforward networks. Calibration errors were typically less than 0.5◦, on
average.
Detection of rapid eye movements, without making a distinction between sac-
cades and quick phases, was performed on the calibrated eye position signals on
the basis of separate velocity and acceleration/deceleration criteria for onset and
offset, respectively. Detection markings were manually adjusted, if necessary.
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Marking refixation end points In the pro-saccade task, target-directed refixations
usually consisted of multiple fast and slow movement contributions that brought the
eyes from their initial position to the remembered flash location (see Figure 5.1).
To determine how vestibular stimulation affected targeting accuracy, it was neces-
sary to determine which saccade could be regarded as the end of the refixation in
response to a target flash. Since these final targeting responses could be most easily
discerned in the vertical eye position channel, where the nystagmus had negligible
effect, their identification was based on vertical eye position. Refixation offset was
taken as the offset of the fast eye movement that brought the eyes to their most ex-
treme point of vertical excursion in response to the flash. Refixation offset was of-
ten marked by a corrective saccade with a vertical component, sometimes preceded
by other corrective saccades. In order to exclude quick phases, which resumed as
the eye reached the target area, fast eye movements with vertical displacements
below 1◦ were rejected as refixation end points. The result of this procedure was
displayed graphically for each trial and corrected if necessary. Trials that failed to
show any convincing saccadic response to the flash were excluded from further
analysis (∼1.5%). Three examples of pro-saccade responses to a flashed target are
shown in Figure 5.1, together with the refixation end points that have been marked
by an arrow.
5.3 Results
Oculomotor responses to flashed targets in oblique directions were recorded during
ongoing horizontal vestibular nystagmus to investigate the interaction between vol-
untary and reflexive eye movements. By way of introduction, we start with some
general observations on performance in the pro-saccade task.
Characteristics of pro-saccade targeting responses: qualitative
observations
As explained before (see Methods), the subject was rotated sinusoidally about the
vertical axis in complete darkness. He was instructed to look straight ahead be-
tween trials and to redirect gaze as accurately as possible toward the head-centered
location of the target flash as soon as it appeared. Figure 5.1 shows three examples
of eye movement recordings in response to a head-fixed flash at the location indi-
cated by the horizontal dashed lines, presented at time zero. Horizontal ( ) and
vertical (—) eye position have been plotted as a function of time in the left-hand
panels. The right-hand panels provide a spatial representation of the trajectory of
the eye movement from target onset until refixation offset (marked by an arrow in
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Figure 5.1 Three examples of pro-saccade responses toward flashed targets during yaw
rotation. The left-hand column shows horizontal ( ) and vertical (—) eye position traces
as a function of time. The vertical dashed line marks the time of the flash, the horizontal
dashed lines denote target position. The arrow indicates refixation offset, quick phases that
occurred just after the target was presented have been marked with an asterisk (). The
corresponding spatial trajectories from target onset until refixation offset are shown in the
right-hand column. Data from subjects AB and JG.
the left-hand panels, see Methods for procedure). Although the gain of the vestibu-
loocular reflex was only 0.30 on average across subjects (range 0.15 to 0.43), there
was still a substantial amount of nystagmus both before and after refixations. As a
result, targeting responses only shifted the zone where nystagmus occurred and did
not end with a period of steady fixation.
For the purpose of further analysis, it appeared useful to classify trials based on
the relation between the direction of quick phases at the time of target presentation
and the position of the flash. Trials were termed ‘toward’ when quick phases moved
the eye toward the hemifield containing the flash and were denoted as ‘away’ trials
when the quick phases were into the opposite direction. It should be noticed that
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the terms ‘toward’ and ‘away’ refer to relationships in the horizontal channel. Since
quick phases were about horizontal and flashes were presented on oblique meridi-
ans, precise vectorial alignment of quick phases and saccades was extremely rare.
For simplicity, trials were regarded as toward trials when the target was presented
in the direction of chair rotation at the moment of the flash. In Figure 5.1, row B
illustrates a toward trial; the other two examples show away trials.
The examples illustrate noteworthy differences among responses: first, while
there are examples of rather accurate refixations (Figure 5.1A, C), there is also
a case with clear overshoot (Figure 5.1B). Response accuracy will be discussed
in more detail below. Moreover, it can be seen that a single rapid movement was
sometimes sufficient to reach the target (Figure 5.1A), but other refixations con-
sisted of several such responses (Figure 5.1B). An interesting question, subject of
extensive analysis later on, concerns the origin of these rapid eye movements: can
they be classified as either of vestibular origin (quick phases) or visually-mediated
(saccades), or do intermediate types also exist? Some preliminary observations can
be made. For example, the first rapid eye movements after the flash in examples A
and C lack a clear goal-directed vertical component and therefore must have been
pure quick phases (). It would be impossible to make such categorizing statements
for every individual fast eye movement. However, as demonstrated below, it is pos-
sible to make such distinctions on a statistical basis. Before we address this issue
further, we will concentrate on the question of how vestibular stimulation affected
response accuracy.
Effect of vestibular rotation on targeting accuracy in pro-saccades
Figure 5.2 shows eye position at the time of the flash (◦) and the end positions
of the final rapid eye movement (•) of all refixations made in one experimental
session for two subjects. In the stationary condition (Figure 5.2A, C), refixation end
points showed clearly separated clusters associated with the eight different target
locations. However, as the end point scatter and the presence of offsets indicate,
responses were not flawless. The ellipses, which contain 95% of the refixation end
positions for each target, are more or less of equal size. Note that the long axes
of the ellipses are roughly oriented towards the straight ahead position, indicating
that the variation in refixation amplitude is larger than the variability in refixation
direction. Also notice that, due to the absence of a central fixation LED, initial eye
positions showed considerable scatter.
Figure 5.2B and D show the refixation start and end point distributions during
vestibular stimulation. It is immediately clear that the yaw rotation deteriorated
performance in both subjects. End point scatter is clearly larger, yielding bigger
ellipses that sometimes even overlap. In contrast to the stationary condition, the
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Figure 5.2 Onset and offset positions of refixations in pro-saccade task. Eye positions at the
time of the flash (◦) and at the end of the refixation (•) toward a briefly flashed visual target
are shown in head coordinates. Targets were presented at an eccentricity of 20◦, in eight
oblique directions (see Methods). The upper panels present all refixations of subject AB,
the lower panels of subject SP. Refixations, that may be comprised of multiple saccades,
ended near the target position in the stationary control condition (left-hand panels). End-
point scatter was characterized using a principal components analysis (Sokal and Rohlf
1981). Using this procedure, two axes were determined: the principal axis corresponding
to the direction of largest variability and the orthogonal axis. With these two axes an ellipse
was constructed that contained 95% of the data points. During yaw rotation (panels B and
D), responses were less accurate, as shown by the larger ellipses. Ellipse orientation also
changed: yaw rotation mainly increased scatter in the horizontal component.
long axes of the ellipses now tend to be horizontal, indicating that yaw rotation led
to more scatter in the horizontal component.
Figure 5.3 shows the final refixation-error distributions pooled from all sub-
jects for each component. Positive errors reflect overshoots, whereas negative val-
ues indicate undershoots. In the stationary condition, errors in both horizontal (Fig-
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Figure 5.3 Refixation error distributions in the pro-saccade task. Refixation errors (positive
for overshoots, negative for undershoots) increased during vestibular stimulation, especially
in the horizontal component. Pooled data from all subjects.
ure 5.3A) and vertical (Figure 5.3B) component were modest and scattered around
zero. As already illustrated in Figure 5.2, rotation led to poorer performance (Fig-
ure 5.3C, D). Refixation errors still scattered around zero, but covered an expanded
range. This increase was present in the vertical component, where the standard de-
viation increased by∼ 50%, but was more pronounced in the horizontal component,
where the standard deviation was doubled.
The examples in Figure 5.1 clearly show that vestibular eye movements, slow
phases or quick phases, are not suppressed after the presentation of the flash. There-
fore, to make an accurate response, the oculomotor system needs to take these
movements into account. In the case of away trials (see Figure 5.1A, C) the nys-
tagmus may cause a net displacement of the eye toward the target. As a result,
the required total saccadic displacement may be less than retinal error. Nystagmic
eye movements in toward trials may cause an opposite net shift (see Figure 5.1B),
and thus require a total saccadic displacement larger than retinal error. For each
refixation response we computed the net horizontal vestibular eye displacement
and the total horizontal saccadic displacement. Subsequently, both displacements
were normalized. The normalized vestibular displacement was defined as the ratio
of the total horizontal displacement due to vestibular eye movements (sum of all
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Figure 5.4 Relation between normalized net vestibular and saccadic displacements in the
refixation response during pro-saccade task. Summed vestibular and saccadic eye move-
ments were normalized relative to retinal error for away (panel A) and toward trials
(panel B). The thin oblique line, with a slope of -1, represents the ideal relation for per-
fect targeting (net vestibular displacement + saccadic displacement = 1). The best-fit line
for away trials had a slope of−0.70±0.05 and an intercept of 0.79±0.02. The correlation
(r = −0.49) was highly significant (p  0.001;n = 556). For toward trials the slope was
−0.94±0.06 and the intercept was slightly higher 1.17±0.02(r =−0.60; p 0.001;n =
509). Pooled data from all subjects. Trials in which either horizontal or vertical retinal error
was smaller than 5◦ were discarded in this analysis.
slow and quick phases) and horizontal retinal error. Similarly, normalized saccadic
displacement was taken as the ratio of horizontal saccadic displacement and hor-
izontal retinal error. Accordingly, when the sum of the normalized net vestibular
and saccadic displacements equals one, the refixation is accurate.
Figure 5.4 shows the normalized vestibular and saccadic displacements in the
refixation, pooled from all subjects, for away (panel A) and toward (panel B) trials.
If the saccadic system had made a response reflecting retinal error, without com-
pensating for the intervening nystagmus, its normalized displacement would equal
1 for all trials. To be on target, the response should be on the thin line with slope -1
representing perfect compensation (vestibular + saccadic = 1). In most away trials,
vestibular displacements were positive, indicating net eye movements toward the
flash, necessitating smaller saccadic responses. By contrast, toward trials often had
negative vestibular displacements, requiring larger saccadic displacements. As the
scatter plots show, there is a clear trend that the saccadic system, on average, took
these variations in vestibular eye displacement into account. The scatter is consider-
able, but both fit lines are close to the ideal relation. There is a slight trend, however,
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Figure 5.5 Examples of rapid eye movement contributions to pro-saccade targeting re-
sponse. The contribution of a rapid eye movement was defined as the ratio of its displace-
ment and the required response amplitude at the time of the flash (i.e. retinal error in the
pro-saccade task). Two examples of horizontal ( ) and vertical (—) eye position traces are
shown as a function of time. The vertical arrows mark the timing of the flash and point to
the accompanying required end positions. Numbers show rapid eye movement contribution
in each component. Note that in the toward example (panel A), quick phases preceding the
flash have a positive horizontal contribution, whereas away quick phases are characterized
by negative contributions (panel B).
toward undershoot in the away trials and overshoot in the toward condition.
In what follows we will concentrate on a further characterization of the rapid
eye movements after the flash without focusing on their degree of accuracy. The
purpose of this analysis is to describe the transition from pure quick phases imme-
diately after the flash to goal-directed movements later on.
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Temporal stages of visual-vestibular interaction in pro-saccade
experiments
First effect of flash on metrics: modification latency As a first step in assessing the
transition from pure quick phases to visually-influenced movements, we compared
the contribution of each rapid eye movement to the required refixation response
imposed by the retinal location of the flash. The horizontal contribution of a given
rapid eye movement was defined as the ratio of its horizontal displacement and the
required horizontal refixation amplitude (i.e. horizontal retinal error). The vertical
contribution was determined in a similar fashion. Defined in this way, eye move-
ments with positive contributions are directed toward the flash, whereas a negative
contribution indicates a wrongly directed eye movement, away from the flash. As
shown in Figure 5.5, rapid eye movements that preceded the flash (the latter marked
by an arrow) were also normalized using the same definition to establish a baseline
for pure quick phases. Since targets were presented in oblique directions, most re-
fixations also required vertical contributions. By contrast, quick phases stood out
by being nearly horizontal so that their vertical contributions scattered around zero.
Note that the corresponding horizontal contributions were positive during toward
trials (Figure 5.5A) and negative in away trials (Figure 5.5B). The sum of all hor-
izontal contributions in a toward trial was usually larger than one, due to the in-
tervening slow phase eye movements that moved the eye away from the target. In
away trials, on the other hand, the sum could be less than one.
The scatter plots in Figure 5.6 show the vertical (upper panels) and horizon-
tal (lower panels) contributions of all rapid eye movements made by subject SP
between 300 ms before and 800 ms after target presentation. Each data point rep-
resents a rapid eye movement. The bold lines depict median values of the data in
a 40 ms time window that moved in steps of 5 ms. From before the target was
presented until some time after the flash, we see a background level of rapid eye
movements, most of them quick phases of nystagmus. Some are voluntary refixa-
tion movements made when the subject tried to maintain gaze at the straight-ahead
position. As expected, the vertical contributions of these early eye movements scat-
tered around zero (Figure 5.6A and B). The first expression of a response to the
visual target is observed in toward trials (right-hand column) where small positive
vertical contributions occurred at short latencies, 75 ms in this subject. These small
target-directed contributions, we suggest, probably stem from vestibularly-initiated
quick phases whose metrics were affected by the emerging visual target signals. To
quantify the temporal onset of this phenomenon, vertical-modification latency was
defined as the time when the running median value first exceeded its mean back-
ground level for at least 50 ms. The threshold level for the detection of modification
latency was taken as two standard deviations above the mean median value in the
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Figure 5.6 Signs of visual-vestibular interaction in the pro-saccade task. The contributions
of all rapid eye movements in the time window starting 300 ms before until 800 ms after
target presentation are shown in panels A and B (vertical component) and panels E and
F (horizontal component). Trials in which either horizontal or vertical retinal error was
smaller than 5◦ were discarded in this analysis. Bold lines are running medians in a 40 ms
time window that moved along the time axis in steps of 5 ms. Panels C and D show the
number of rapid eye movements in the same time window. The vertical contributions of
the eye movements made before the flash, mostly quick phases, scatter around zero. In the
toward condition (right-hand column), rapid eye movements start showing positive vertical
contributions from approximately 75 ms after the flash onward, indicating that their ver-
tical components were target directed. The corresponding horizontal components do not
clearly exhibit this short latency response (see, however, Figure 5.7). In the away trials,
rapid eye movement were suppressed after approximately 90 ms after target presentation
(panel C). Vertical dashed lines mark various latency parameters, see text for details. Data
from subject SP.
500 ms preceding the flash. Such early modification emerged in the toward trials of
all subjects. In away trials, most quick phases in this time window were suppressed
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(see below for description).
Due to the ongoing nystagmus, horizontal contributions showed much more
scatter and yielded a less clear picture. Away trials are characterized by negative
contributions in the period preceding target onset, simply reflecting the fact that the
quick phases in these trials moved the eyes away from the target (Figure 5.6E). The
opposite holds for the toward contributions in the same time window (Figure 5.6F).
Due to the relatively large scatter in contributions, assessment of the horizontal
modification latency using the level discrimination was less reliable and was not
attempted in data from individual subjects.
Flash effects on initiation of rapid eye movements To show flash effects on the
initiation of rapid eye movements, Figures 5.6C, D display their frequency as a
smoothed function of time. As a clear sign that the visual stimulus caused quick-
phase suppression in away trials, we see a dip in the frequency plot starting∼90 ms
after the target flash. Such a period of rapid eye movement suppression was not
seen in toward trials. Apparently, the presentation of the visual target only led to
suppression of quick phases that would move the eye in a completely wrong di-
rection. Suppression onset was determined as the time when the running median
dropped two standard deviations below the mean median value for at least 30 ms. It
seems reasonable to suggest that the subsequent increase in the frequency of rapid
eye movements represents visually-triggered eye movements. Accordingly, we de-
fined visual saccade latency as the time when the average exceeded the mean plus
two times standard deviation for at least 50 ms. Notice that although both modifi-
cation latency and visual saccade latency reflect effects of the visual signal, there
is a clear difference. The former represents the first effect of the visual stimulus
on quick-phase metrics and is not accompanied by any change in the initiation of
rapid eye movements. The latter describes the onset of a significant increase in the
frequency of rapid eye movements, associated with the first visually triggered eye
movements.
The data in Figure 5.6 indicate that the visual stimulus can modify the met-
rics of ongoing quick phases long before it can initiate goal-directed saccades by
its own. We will now extend this comparison of different latency measures to all
subjects.
Comparison of various latency measures Table 5.1 summarizes all latency mea-
sures derived from the pro-saccade results. Two interesting features in the data of
subject SP (see Figure 5.6) were typical for other subjects as well. First, all sub-
jects showed modification of the vertical component in toward trials at very short
latencies (80 ms on average). Second, suppression of rapid eye movements directed
away from the flash started at slightly longer latencies (mean: 100 ms) in four out of
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subject modification suppression visual saccade
latency (ms) latency (ms) latency (ms)
away toward away toward away toward control
AB 185 85 105 135 220 200 190
JG 145 80 95 - 165 115 165
MZ 165 90 110 - 215 185 155
PM 90 70 - - 170 105 100
SP 160 75 90 - 200 165 155
mean 149 80 100 135 194 154 153
Table 5.1 Temporal characteristics of flash-induced metric and timing effects in the pro-
saccade task. Modification latency represents the time when the first visually-induced met-
ric changes became visible in the vertical component. In the toward condition, these la-
tencies were very short, 80 ms on average. Note that the modification latency in the away
trials always exceeded the suppression latency, indicating there actually was no early metric
modification in these trials. Suppression latency marks the time when there was a decrease
in the number of quick phases. Four of the five subjects showed this suppression in the
away condition, with an average latency of 100 ms. Only subject AB showed suppression
in the toward trials. Note that visual saccade latency, based on the number of rapid eye
movements, was prolonged in the away condition.
five subjects. Thus, both in toward and away trials, an effect of the visual stimulus
could already be discerned at a time well before it started triggering voluntary sac-
cades. Note that vertical modification latencies in the away trials always exceeded
the suppression latencies. It remains uncertain whether early modification simply
does not exist in away trials or whether quick-phase suppression made it hard to
detect.
The visual-saccade latency data (Table 5.1, right-hand columns) provided no
evidence for temporal facilitation when quick phases and saccades were directed
into the same hemifield. On average, the toward values were virtually identical to
the values in the stationary control condition. By contrast, vestibular stimulation
did have a clear effect on visual saccade latencies in away trials. In such condi-
tions, which led to quick phases opposite to the required targeting saccade, vi-
sual latencies were clearly prolonged. One may wonder whether the occurrence of
quick-phase suppression, which was a typical phenomenon in these trials but not
in toward trials, may have played a role here. In other words, is it possible that the
suppression mechanism has delayed the generation of visually-triggered saccades?
The data from subject PM, who lacked quick-phase suppression but had a clearly
prolonged saccade latency anyway, argues against this hypothesis.
121
−250 0 250 500 750
F
90C D
−2
−1
0
1
2 A
away
ve
rti
ca
l c
on
tri
bu
tio
n
75
B
toward
time re. target onset [ms]
−250 0 250 500 750
−2
−1
0
1
2 E
ho
riz
on
ta
l c
on
tri
bu
tio
n
Figure 5.7 Horizontal and vertical contributions in the pro-saccade task. Same layout as
in Figure 5.6. Suppression of quick phases is only obvious in away trials. Note clear signs
of early metric modification of both components in toward trials. Data pooled from all
subjects except PM.
As stated earlier, data from individual subjects were too noisy to allow reli-
able estimates of modification latency in the horizontal component. We checked
whether pooling the data could resolve this problem. Figure 5.7 presents the rel-
ative contributions of pooled data from all subjects except PM who did not show
quick-phase suppression. Not that the pooled data still retain the early flash effects
that we noticed already in the data from subject SP (see Figure 5.6). In away tri-
als, there was a clear rapid eye movement suppression starting 90 ms after target
presentation. Moreover, from 75 ms after the flash, rapid eye movements in toward
trials began showing a vertical target-directed component. A new feature, revealed
by pooling, is that horizontal components of toward eye movements also show an
early bias toward the flash. To illustrate that its onset was indistinguishable from the
vertical-modification latency, we show that the dashed line in Figure 5.7B which
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marks vertical modification latency is also a good match to the horizontal data. So,
the pooled data show that very early metric visual influences were present in both
components at similar latencies. By contrast, there is no convincing evidence for
early horizontal and vertical metrical modification in away trials (Figure 5.7A, E).
Effects of vestibular rotation in anti-saccade task
Quick-phase suppression in anti-saccade task Our pro-saccade results have shown
that an early effect of the visual stimulus, occurring before the first goal-directed
saccades, is to suppress reflexive rapid eye movements (quick phases) directed
away from the target. This suppression makes sense from a functional point of view
but it might just be a rigid low-level mechanism, activated by the visual response to
the flash. If, however, the suppression reflects a flexible strategy one would expect
it to adapt tactics when we change the task requirements by now asking the subject
to make saccades away from the flash.
To investigate this issue, we performed a second series of experiments in the
same subjects, using identical stimulus conditions to elicit anti-saccades rather than
pro-saccades. Since the anti-saccade task was more demanding, the time interval
between two consecutive flashes had to be prolonged so that we collected fewer re-
sponses in a single session than in the earlier pro-saccade experiments (see Meth-
ods). Therefore, we decided to focus the analysis on the pooled data from all 5
subjects.
We found that quick-phase suppression in the anti-saccade task was unmistak-
able in both types of trial (see Figure 5.8C, D). This result represents a marked
departure from the pro-saccade pattern, where suppression occurred only in away
trials (see Figures 5.6, 5.7 and Table 5.1), with interesting implications concerning
the nature of the quick-phase suppression. The fact that quick-phase suppression in
toward trials did emerge upon changing the oculomotor task, seems to indicate the
involvement of a flexible mechanism linked to task execution. On the other hand,
the result that the suppression was still stronger and earlier in away trials (85 vs.
135 ms), where it was least needed since these quick phases moved into the hemi-
field away from the flash, reveals a certain rigidity. Comparison with the pooled
pro-saccade results (Figure 5.7) suggests that suppression in away trials is virtu-
ally task-independent, an indication that this phenomenon is caused by a fast and
inflexible process operating on a default basis.
Metrics in the anti-saccade task: latency dependence of task performance To
visualize the changes in metrics of rapid eye movements as a function of latency,
we constructed scatter plots depicting their normalized contribution values against
time (see Figure 5.8). As in the pro-saccade task, contributions were normalized
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Figure 5.8 Contributions in the anti-saccade task. Same layout as in Figures 5.6 and 5.7.
In the anti-saccade task, positive contributions indicate rapid eye movements toward the
anti-position of the target, whereas negative contributions represent eye movements in the
direction of the flash. In the away condition, there was a rather clear separation between
early pure quick phases and later, mostly correct, voluntary responses. In toward trials er-
ror rates were much higher. At short latencies, a substantial number of eye movements had
flash-directed vertical components (marked by arrow in panel B). The number of errors
decreased with latency, first in the vertical component, slightly later in the horizontal com-
ponent. Note that both in away and toward trials, there were clear signs of quick-phase
suppression preceding the visually-driven saccades. However, this was more prominent in
the away condition. Data pooled from all subjects.
with respect to the required refixation amplitude cued by the flash. Again, posi-
tive contributions mark eye movements into the direction of the required response.
Negative values indicate incorrect eye movements, toward the flash. By the same
definition, quick phases in the toward condition have negative contributions.
The simplest picture, with only mild signs of perturbation by vestibular ro-
tation on anti-saccade task performance, was observed in away trials (left-hand
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column). The rapid eye movements in the time segment from before the flash until
some 175 ms after its presentation, lacking any systematic metric effect of the flash,
had the characteristics of pure quick phases. After an episode where relatively few
rapid eye movements occurred (suppression period), we see a high density of appar-
ently voluntary saccades. Most are in the required direction but wrongly-directed
responses (negative contributions) are also in evidence, particularly in the short-
latency range around 250 ms. So, in summary, away trials showed a rather neat
distinction between early quick phases and later mostly correct voluntary saccades.
Toward trials, by contrast, showed many rapid eye movements in the direc-
tion of the flash, giving rise to a more complex picture involving several temporal
stages. Again we see pure quick phases, unaffected by the flash, in the left-hand
portion of the panels until some 60 ms after the flash. Next, we see the emergence
of a first flash effect on metrics, marked by the arrow in panel B. In a limited time
zone, starting here and overlapping partially with the suppression period, the ver-
tical component develops a transient bias toward negative contributions. In other
words, these components were directed toward the flash, violating the instruction
to make anti-saccades. The corresponding horizontal contributions (panel F) show
a tendency of having slightly larger flash directed components than the pure quick
phases earlier in the trial. Since these movements were absent in control and away
trials, we suggest that these movements were vestibularly-triggered but partially
modified by the visual stimulus. We cannot exclude that some may have been vol-
untary. The problem is that, as far as the horizontal component is concerned, the
vestibular drive and the flash in these toward trials would work in the same direc-
tion.
Ultimately, at longer latencies, the probability of correctly-directed rapid eye
movements increases also in toward trials. Interestingly, there is a clear indication
in the data that this transition from flash-directed to correct anti-saccade responses
is more abrupt and more complete in the vertical component. After some 250 ms,
when most vertical responses are already in the anti-direction, there are still quite a
number of wrongly-directed horizontal components. For some reason, the horizon-
tal channel has more difficulty to perform the task correctly, even at long latencies.
To summarize, the first effect of the visual stimulus in toward trials was to attract
quick phases toward the location of the flash by modifying their vertical component.
The transition to correct responses, at longer latencies, occurred more abruptly and
was more complete in the vertical than in the horizontal component. These indirect
indications of some degree of independent behavior in the two components will
now be substantiated further.
Classification of anti-saccade responses In Figure 5.9 we illustrate three toward
trials with initially incorrect responses. Figure 5.9A shows an initial response to
125
−40
−20
0
20
40
−40
−20
0
20
40 A HOR: 3VER: 3
−40
−20
0
20
40 B HOR: 2VER: 4
*
e
ye
 p
os
itio
n 
[de
g]
ve
rti
ca
l [d
eg
]
−40
−20
0
20
40
F
A
−500 0 500 1000
−40
−20
0
20
40 C HOR: 3VER: 4
*
time re. target onset [ms]
−40 −20 0 20 40
−40
−20
0
20
40
horizontal [deg]
Figure 5.9 Three examples of initially-incorrect refixations in the anti-saccade task. The
left-hand column shows horizontal ( ) and vertical (—) eye position traces as a function
of time. The vertical dashed line marks the time of the flash, the horizontal dashed lines
denote the requested anti-response. The corresponding spatial trajectories are shown in the
right-hand column. Subjects often could not suppress eye movements that were directed
toward the flash. Row A shows a response where both components were directed to-
ward the flash and corrective saccades to the required anti-position occurred later. Row B
shows an incongruent response (vertical component correct; horizontal component incor-
rect) showing later correction in midflight. Row C shows another incongruent response
where the vertical component was directed toward the anti-target, whereas the horizontal
component was toward the flash. Classifications (see text for details) are shown in the
left-hand panels, arrows mark the time of correction. Pure quick phases immediately after
the flash have been marked by an asterisk (). Data from subjects JG and SP.
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the flash, in both components, which is subsequently corrected to bring gaze near
the requested location (horizontal dashed lines) opposite to the flash. Note that the
later corrective saccades are quite large, which helps explain why many saccades
in Figure 5.8 have large contributions. The short latency and the direction of the
first eye movement are suggestive of a modified quick phase. The response in Fig-
ure 5.9B is more remarkable. Note that the horizontal component seems to start
as a quick phase toward the flash which was then modified in midflight (arrow)
into the required direction. Strikingly, the vertical response was an almost flawless
anti-response right from the start. Another striking example with clear signs of in-
dependent vertical and horizontal components is shown in Figure 5.9C. Again the
horizontal response is initially misguided and the vertical saccade is entirely cor-
rect. As a result, the eye initially ends up at a position far removed from both the
flash location and the anti-target position (see panel on right-hand side).
To pursue the suggestion from these examples and the data in Figure 5.8 that
there was some degree of independence in the horizontal and vertical component of
erroneous responses, we classified all horizontal and vertical refixation components
independently. Four response types were distinguished:
1: wrong response, without correction later in trial,
2: wrong response, correction in saccade midflight,
3: wrong response, correction in later saccade(s),
4: correct anti-saccade response.
To exclude pure quick phases, which cannot be regarded as a response to the flash,
all rapid eye movements with vertical components < 2◦ and horizontal components
into the direction of chair rotation were discarded. All trials were classified inde-
pendently by both authors. In the classification procedure, automatic quick phase
selections were checked and adjusted if necessary. In 11% of all cases classifica-
tion failed, either because there was no discernible response or because the response
did not unambiguously fit one of the four categories. When an initial error was cor-
rected in midflight or by later saccades (type 2 and 3, respectively), a marker was
set at the time of correction (see arrows in Figure 5.9A,B).
Comparison of anti-saccade task performance in the three conditions (control,
away, toward), revealed interesting differences (Table 5.2). In the stationary condi-
tion performance was good: from all classified trials, 94% were correct anti-saccade
responses in both the horizontal and the vertical component. During yaw rota-
tion, performance deteriorated only slightly when quick phases were away from
the flash. Generally, subjects were still quite able to shift gaze directly toward the
anti-position, without first jumping toward the flash. Again, we found no major
horizontal-vertical difference in performance. When quick phases were toward the
visual target, however, performance worsened dramatically. Moreover, a major dif-
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control away toward
category 1 2 or 3 4 1 2 or 3 4 1 2 or 3 4
horizontal 2 4 94 3 5 92 18 27 55
vertical 2 4 94 5 9 87 4 15 81
Table 5.2 Performance in the anti-saccade task. All refixations in the anti-saccade task
were classified separately for each component, as explained in the text. Numbers denote
occurrences as a percentage in class 1, in combined classes 2 and 3 and in class 4. In the
stationary control condition, performance was quite good: 94% of the refixations showed
the required anti response. Note that there was no difference in performance between the
horizontal and vertical component. Only a slightly worsened performance was observed
when subjects were rotated away from the flash. When rotated toward the flash, however,
performance deteriorated dramatically and a clear difference between the horizontal and
vertical component emerged. Whereas 81% of the vertical refixation components was di-
rected to the anti target, this was the case in only 55% of the horizontal components. Data
pooled from all subjects.
ference between the horizontal and vertical component emerged: in 45% of the
refixations the horizontal component was initially directed toward the flash (classes
1, 2 and 3), compared with only 19% in the vertical component. In 40% of the er-
roneous horizontal responses, errors were not corrected by later saccades (class 1).
This marked difference between the error rates in the horizontal and vertical com-
ponents clearly substantiates the earlier indications for a level of independence.
Different speed-accuracy relations for horizontal and vertical components We
noticed earlier (Figure 5.8) that direction-error rates were higher in short-latency
responses and that the speed-accuracy relation seemed different for the horizontal
and vertical components. To explore these relationships further, Figure 5.10 com-
pares the latency distributions of the first visually-influenced eye movements in
correct refixations (open bars) and in trials that started with a movement toward the
flash (filled bars). The upper panels display the correct/incorrect latency distribu-
tions of the horizontal component, the lower panels those of the vertical component.
Already at first sight, it is clear that controls and away trials show a similar
pattern and that the toward trials stand out. Both the control and the away trials
showed quite low direction-error rates in both components because error-prone
short-latency responses were rare. As shown by the toward panels, performance
deteriorated when the target was flashed into the direction of chair rotation. A ma-
jor factor in the explanation is that, compared to the control and the away trials, a
lot more early responses were made. Not too surprisingly, the vast majority of these
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Figure 5.10 Latency distributions of correct and initially incorrect responses in anti-
saccade task. The upper panels show the latency distributions of refixations with correct
horizontal responses (that were classified 4, open bars) and of refixations whose horizon-
tal component was initially directed toward the flash (that were classified 1, 2, or 3, filled
bars). The lower panels show the corresponding distributions based on classifications of the
vertical component. Note the high error rates in toward trials, especially in the horizontal
component. Data pooled from all subjects.
premature responses was directed toward the flash, for both the horizontal and ver-
tical component. However, the occurrence of premature responses is not the entire
story. Note, that the error-rates of horizontal and vertical components clearly show
different time courses: whereas the proportion of errors in the vertical component
became a minority at latencies beyond ∼ 250 ms, incorrect horizontal responses
were much more persistent and decayed very slowly from a much higher level.
In summary, there is a clear suggestion that rapid eye movements occurring
early in toward trials tended to be incorrect, in both components. Incongruent re-
sponses, in which the vertical component was correct whereas the horizontal com-
ponent was still directed toward the flash, emerged in an intermediate time zone.
To bring this better into focus, Figure 5.11 shows refixation latency distribu-
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Figure 5.11 Latency distributions in toward
trials of anti-saccade task. To explore the tran-
sition from early incorrect responses to late
correct responses, latency distributions of two
subsets of incorrect trials (panels A and B) and
of correct trials (panel C) are shown. Panel A
shows all trials in which both horizontal and
vertical components were initially directed to
the flash (classes 1, 2 or 3). At ∼250 ms,
there is a clear shift to incongruent responses
(panel B) in which the vertical component
was correct (class 4), but the horizontal com-
ponent was directed to the flash. These re-
sponses comprised trials where the horizon-
tal component was classified 1 or 3 (n = 79)
and responses where the horizontal component
was corrected in midflight (class 2, n = 22).
These trials overlap with correct anti refixa-
tions (panel C). Pooled data from all subjects.
tions of three classification subsets of the toward trials. Figure 5.11A displays all
trials in which both horizontal and vertical components of the first rapid eye move-
ment were directed to the flash. The majority of these movements started early in
the trial with a steep decrease in occurrence at 250 ms after the flash. From this
time onward there was a prominent manifestation of incongruent trials in which
the vertical component was correctly directed toward the anti-position right away,
but the horizontal component initially was biased toward the flash and corrected
later (Figure 5.11B). Note that incongruent movements were made until very late
in the trial. At a slightly later time, but showing clear overlap, refixations started in
which both components were correct anti-saccade responses (Figure 5.11C). Thus,
the impression gained from Figure 5.10 is clearly confirmed: toward trials induced a
substantial number of incongruent responses at a time when the anti-saccade signal
was already available.
5.4 Discussion
Saccadic targeting errors during vestibular stimulation
In all subjects, pro-saccade responses showed a clear deterioration of targeting ac-
curacy during yaw rotation, especially in the horizontal component (see Figures 5.2
and 5.3). These errors, however, did not simply reflect uncompensated vestibu-
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lar eye movements. An analysis distinguishing the refixation displacements due
to vestibular eye movements and saccades clearly showed that, on average, inter-
vening vestibular eye movements were taken into account (see Figure 5.4). Our
findings also exclude the possibility that subjects performed the task in a spatial
frame of reference rather than head centered, as instructed. If subjects had made
their saccadic responses to the remembered spatial location of the flash, one would
expect undershoot responses in the toward trials and overshoot in away trials. If
anything, the results show rather the opposite (see Figure 5.4).
In an earlier study (Chapter 4), we have investigated saccade-vestibular interac-
tions in the monkey. The saccades were elicited by collicular electrical stimulation
while the monkey was rotated. A difficulty in comparing the results is that electri-
cal stimulation yielded single saccades whereas the responses in the present study
were often comprised of multiple saccades. While refixation responses in this paper
showed clear signs of compensation for the intervening vestibular eye movements
(see Figure 5.4), this was rare in the monkey saccades elicited by electrical stim-
ulation. A substantial number of sites actually showed robust metric changes that
were anti-compensatory. An important difference between the two studies which
may help to explain the difference in results is that in the monkey study the sac-
cadic system was activated artificially by electrical stimulation at a late stage which
bypassed cortical areas associated with saccade generation.
Suppression of inappropriate rapid eye movements
Mechanisms for suppressing unwanted saccades An important feature of the gaze
control system is the ability to suppress unwanted saccades to non-target stimuli.
We simply do not want our eyes to shift to every change in our field of vision.
This becomes essential in the anti-saccade paradigm, where attention needs to be
shifted to the visual target to determine its location, without making a foveating
saccade. So, to perform this task, the normal coupling between directing attention
and shifting gaze needs to be suppressed, allowing time for the cue-related activity
to subside and the anti-saccade signal to develop. Involvement of the frontal lobe in
suppressing unwanted saccades has been suggested on the basis of data from neu-
rological patients (Guitton et al. 1985). Possible neural correlates of such a process
have been found at the level of the supplementary eye field (SEF) by Schlag-Rey et
al. (1997) and in the frontal eye field (FEF) by Everling and Munoz (2000).
A somewhat similar situation is encountered in the countermanding task (Hanes
and Carpenter 1999). Here, subjects are presented with a peripheral visual target
when the fixation spot is switched off, but in a certain proportion of trials the fixa-
tion stimulus is lit again to signal that the response should be canceled. Neurophysi-
ological experiments of this type in the monkey have shown that the saccade-related
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activity in the FEF is inhibited in successful abortion trials by increased fixation cell
activity (Hanes et al. 1998).
How unwanted saccades can be prevented has also been studied at the level
of the SC. Everling et al. (1999) recorded from fixation cells in the rostral zone
and from buildup cells in the caudal area at the time when the monkey was await-
ing the next anti-saccade trial. Comparison with activity levels in a pro-saccade
trial showed that fixation cells were more active while buildup cells had decreased
activity. This indicates that withholding saccades to the anti-saccade cue involves
complementary changes at the level of the gaze holding mechanism (embodied by
the fixation cells) and in the gaze-shifting system. To what extent these changes
simply reflect the effect of incoming cortical signals is still unclear. Regardless,
this work has shown that the SC is involved in implementing saccade suppression.
Furthermore, by showing that these changes are already detectable even before the
anti-cue is presented, the data have clearly established the precautionary nature of
the suppression.
Quick-phase suppression To our knowledge, this study has been the first to pro-
vide a detailed description of saccade-target induced quick-phase suppression. It
has been shown before that VOR suppression requires a visual stimulus, but these
studies only concerned the slow phase of the VOR. Our quick-phase suppression
results raise the question whether the cortical and collicular inhibition mechanisms
discussed above may also be involved in the suppression of quick phases. A ma-
jor difference between saccades and vestibular quick phases is that the latter can-
not be suppressed by voluntary effort, without the help of a visual stimulus. Al-
though there is evidence that quick phases are neurally represented in the colliculus
(Schiller and Stryker 1972), there is reason to doubt whether this signal plays a
crucial role in generating quick phases. For example, quick phases of vestibular
nystagmus can still be made after combined ablation of SC and FEF has abolished
all visually-evoked saccades (Schiller et al. 1980). Similarly, when the colliculus
is inactivated by muscimol injection, quick phases can still be made (Hepp et al.
1993) but scanning saccades are suppressed. A further indication supporting the
notion that quick-phase suppression is distinct from saccade suppression comes
from a comparison of suppression latencies. Using the countermanding paradigm,
Hanes and Carpenter (1999), found that the average stop-signal reaction time in
humans was 137 ms. This represents the time required for the visual stop signal
to cancel a saccade that was being prepared. In our experiments, the time needed
for a visual stimulus to stop quick phase generation was clearly much shorter, on
average 100 ms. While this difference is suggestive, caution is needed because the
stop reaction times were obtained in different experiments and different subjects. In
addition, the way how these latencies were determined was different as well. Since
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the probability of obtaining a visually-guided saccade is itself a time-dependent
process, Hanes and Carpenter had to base their assessment of stop-signal reaction
time on a specific model. In our experiment, where the probability of getting a quick
phase in the absence of a flash was simply constant, detection of the suppression
latency was relatively straightforward (see Figures 5.6, 5.7 and 5.8).
If quick phases are generated downstream from the SC, as has been assumed
in several modeling studies (Anastasio 1997; Galiana 1991), it becomes under-
standable why a strategy that prevents unwanted movements by modifying signals
at the cortical or collicular level may fail to suppress quick phases. Taken together,
there are good reasons to make a distinction between suppression of reflexive quick
phases and of inadvertent pro-saccades in the anti-saccade task. As mentioned
above, inadvertent pro-saccades can be prevented by precautionary mechanisms
at the cortical and collicular level but, apparently, such mechanisms have no grip
on quick phases. The reason may be that quick phases are generated and suppressed
in the brain stem.
A potential mechanism for quick-phase suppression Studies in the cat by Ohki
et al. (1988) and by Kitama et al. (1995) on burster-driving neurons (BDNs) in
and near the prepositus hypoglossus nucleus have revealed interesting functional
properties of these cells which are thought to be an essential part of the of the
quick-phase generator (for review, see Markham 1996). It should be noticed that
BDNs, which have been extensively studied in the cat, have only been found in
the vertical channel in the monkey, so far (Kaneko and Fukushima 1998). BDNs
activated by vestibular rotation to the right, contribute directly to the generation
of the burst in excitatory burst neurons during vestibular quick phases in that di-
rection. In addition, these cells have large visual receptive fields. For the BDNs
activated during rightward quick phases and rightward rotation, a visual stimulus
in the right hemifield will cause a short-latency excitatory response. Interestingly,
a visual stimulus in the left hemifield, mimicking an away trial, causes a clear
transient BDN-suppression. It is possible to obtain the same effects by electrically
stimulating the SC corresponding with each hemifield.
Although SC-BDN inhibition has not been discussed in this context before, the
implications of this work for our pro-saccade results seem rather clear. If BDNs
generate quick phases, inhibiting them through the flash-evoked SC activity will
cause quick-phase suppression after a short latency but only for quick phases di-
rected away from the flash. Since BDN-mediated quick-phase suppression requires
collicular activity, suppressing the SC by cortical intervention will be ineffective.
This would explain why cortical intervention, which can prevent goal-directed sac-
cades, fails to do so in quick phases. Notice also that this mechanism specifically
targets quick phases, rather than all rapid eye movements equally.
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The quick-phase suppression results in the anti-saccade task were more com-
plex but may still fit in with our hypothesis. In these experiments, there was the
same early strong suppression in away trials as we saw in pro-saccade experiments.
We also observed a new phenomenon in the form of a weaker suppression, with a
later onset, in toward trials. The simplest hypothesis to explain these findings is to
assume that the transient SC response to the flash invokes the rapid and powerful
task-independent suppression mechanism found in the away trials of all experi-
ments. We suggest that the later build up of anti-saccade signals at the mirror site
in the other colliculus may have caused the suppression in toward trials.
Expression of visual-vestibular interaction in saccade metrics
Pro-saccade task Toward trials in the pro-saccade task allowed us to study the
latency-dependent transition from pure quick phases to voluntary goal-directed sac-
cades. In these trials, where quick-phase suppression was not a complicating factor,
we saw a first effect of the visual stimulus as early as 80 ms after its presenta-
tion. Since voluntary saccades had much longer latencies, we conclude that this
phenomenon was due to visually-modified quick phases. The flash-induced metric
changes were most obvious in the vertical component (see Figure 5.6) but became
also discernible in the horizontal component after pooling (see Figure 5.7). This
phenomenon, that a rapid eye movement can combine visual and vestibular signals
into a compromise response, invites comparison with earlier studies using visual
double stimuli.
Becker and Ju¨rgens (1979) investigated how compromise saccades can be elici-
ted by a visual double-step stimulus. They showed that when the second target step
occurred sufficiently early in the preparation period of the saccade, the eye landed
on the final target position. If the shift was late in the preparation interval, close
to saccade onset, the eye jumped to the initial target position. Interestingly, inter-
mediate target steps yielded saccades that resembled a weighted vector average of
the initial and final target positions and were therefore called ‘averaging saccades’.
Depending on the stimulus configuration, the effect of the second step became vis-
ible after a short latency, sometimes as short as 80 ms. So, in view of our data,
modification latency after a visual stimulus may be in the same range, irrespective
of whether the initial rapid eye movement in preparation was a saccade or a quick
phase.
Anti-saccade task The toward trials in the anti-saccade task were characterized
by the large number of inadvertent rapid eye movements toward the flash early in
the trial (see Figure 5.8). To explain this phenomenon, we recall that in the toward
trials, quick-phase suppression had a late onset and was incomplete. So, many eye
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movements were triggered when the flash response occurred in the SC and the
corresponding anti-signal had not yet developed. When the pause cell gate was
opened, the flash signal came to expression, yielding a biased quick phase. In away
trials, hardly any quick phases were made in the period of flash-related activity in
the SC, resulting in a low error rate.
In contrast to the pro-saccade results, where saccade metrics changed in syn-
chrony for the horizontal and vertical component (see Figure 5.7), anti-saccade to-
ward trials showed clearly different temporal error profiles in the two components.
In the horizontal component the error rate was much higher (see Table 5.2), and
more persistent (see Figure 5.10). Classification of all anti-saccade trials revealed
an interesting time dependence in the error distributions (see Figure 5.11). Not
surprisingly, inadvertent pro-saccades were most frequently made shortly after the
flash, whereas correct anti-saccades had longer latencies. Interestingly, in the inter-
mediate time zone incongruent saccades were frequently made. In these responses,
the vertical component was correctly directed toward the anti-target, whereas the
horizontal component was aimed at the flash. In the next section, an attempt will be
made to explain these bizarre movements.
Possible neural basis of visual-vestibular averaging
The pro-saccade results have shown clear evidence of visual-vestibular averaging.
We found that vestibularly-induced rapid eye movements became attracted toward
the flash after about 80 ms. Experiments with visual double stimuli at two different
meridians (Ottes et al. 1984, 1985; Chou et al. 1999) have shown that averaging oc-
curs only for a limited range of directional differences. When the two visual stimuli
were presented on meridians that were at least 90◦ apart, averaging responses gave
way to a bistable response where either one or the other target attracted the saccade.
The question is whether similar rules may apply to the present pro-saccade exper-
iments, which involved a combination of a visual and a vestibular goal. If so, av-
eraging would only be expected in toward trails where directional disparities were
typically in the 30-60◦ range. In away trials, opportunities for visual-vestibular av-
eraging were unfavorable, at least seen from this perspective. Because of quick-
phase suppression, quick phases were rare at the time when flash-evoked activity
became available. When they did occur, the wide difference in direction between
quick phases and the visual target would preclude averaging and yield either a pure
pro-saccade or a pure quick phase. Indeed, we failed to see clear evidence for early
modification in quick phases during away trials.
In the anti-saccade trials we saw again early modification of quick phases in
toward trials. At short latencies, this phenomenon is not too surprising since quick
phases and the flash occurred at closely-spaced meridians (Figure 5.12A). How-
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Figure 5.12 Averaging in anti-saccade toward trials. The scheme illustrates three vectors
competing for the control of rapid-eye movement responses. These correspond to the loca-
tion of the flash (F), the location of the anti-saccade target (A) and the goal for the quick
phase (Q). Panel A: When the flash signal predominates the anti-saccade signal, early in
the trial, responses may reflect a compromise between F and Q. Panel B: When the anti-
saccade signal has developed, rapid eye movement initiated by the quick-phase system
may give rise to a compromise response (R) directed in between A and Q (incongruent
response).
ever, the rules specifying the conditions for saccade averaging in response to visual
double targets can not account for the phenomenon of incongruent responses (see
Figures 5.8 and 5.9C). To highlight this problem, Figure 5.12B shows the basic
features of such a response, together with the signals that may be responsible. Note
that the vertical response is correctly directed toward the required anti-location (A)
and that the horizontal response is incorrect, in the direction of the flash (F) and
of quick phases (Q). The fact that the vertical response is correct shows that the
anti-saccade signal is already available. As shown in Figure 5.11, a considerable
proportion of rapid eye movements made in this time segment are entirely correct
anti-saccades. Since the incongruent responses were only seen during vestibular
rotation toward the flash, we suggest that occasional unsuppressed quick phases
may have opened the pause-cell gate. Formally, the incongruent response can be
seen as the result of an averaging computation involving anti-saccade signal A and
quick-phase signal Q. What makes this averaging response remarkable is that it oc-
curs despite a wide angular difference between vectors A and Q. From a functional
point of view, the result is a bizarre response which is neither simply a pure quick
phase or an inadvertent response to the flash, nor a correct anti-saccade. If averag-
ing caused by visual-vestibular double stimulation is not following the same set of
rules as for visual double stimulation, the underlying neural substrate is probably
different in the two cases.
That visual double stimulation yields averaging for closely spaced stimuli but
causes a selection process when the alternatives are farther apart has been dis-
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Figure 5.13 Time course of visual and vestibular control signals in the anti-saccade task
and its relation to different response types. The upper graphs show putative weights of the
neural signals due to the flash (F), the anti-saccade signal (A) and the vestibular quick-
phase signal (Q) during a toward trial. The flash, presented at time 0, results in a transient
activity at a short latency. During the gradual decay of this transient activity, the anti-signal
builds up to a steady level. Due to incomplete suppression, quick-phase activity may be
present until late in the trial. The lower graphs show the eye movements predicted on the
basis of the three control signals at five consecutive points in time (numbered 1 to 5). Early
in the trial, pure quick phases are made (1). During visual transient activity, inadvertent
pro-saccades can be elicited, triggered by the quick-phase generating mechanism (2). In
the next stage, rapid eye movements induced by the quick-phase system are incorrect in
their horizontal component but reflect the upcoming anti-saccade signal in their vertical
component (3). The possibility of midflight correction of such incongruent responses has
been indicated (4). From stage 3 onward, correct responses can be made when the quick-
phase system happens to be inactive.
cussed in terms of cooperation between adjacent areas within the SC motor map
in conjunction with inhibitory interactions between more remote areas (Van Op-
stal and Van Gisbergen 1989). Long-range inhibitory interactions, which have now
been shown in neurophysiological studies (Munoz and Istvan 1998) can explain
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why widely separated visual double stimuli do not yield averaging. Such a system
can operate as a winner-take-all mechanism that weeds out either one or the other
stimulus. Apparently, such all-or-nothing competitive mechanisms have not been
operative in the anti-saccade experiments, otherwise incongruent responses would
not have occurred. To explain their existence, the possibility has to be considered
that saccade commands derived from the visual stimulus and quick-phase related
activity did not compete because they occurred at different levels. This would be
the case if the flash and anti-saccade related activity affected the pulse generator
via the SC input whereas quick-phase signals came in via the BDNs. Accordingly,
the incongruent responses may represent addition of a collicular command for an
anti-saccade and a brainstem command for a quick phase.
To visualize how this type of interaction may have worked, we consider the par-
ticipating signals at various points in time after stimulus presentation. Figure 5.13
depicts how the time course of pro-saccade, anti-saccade and quick-phase signals
can account for the observed error-responses in toward trials in anti-saccade task. It
is assumed that interactions take place at the component level rather than at a vecto-
rial coding stage. The flash, presented at time 0, gives rise to short-latency transient
activity. During the subsequent gradual decay of the flash-related activity, the anti-
signal builds up to a steady level. It is assumed that quick phase activity, because
of incomplete suppression, may be present until late in the trial. The lower graphs
show the eye movements predicted on the basis of the strengths of the three control
signals, when the pause cell gate is opened and the control signals are tapped at
various times after the flash. Early in the trial, only pure quick phases are made
(response 1). During visual transient activity, inadvertent rapid eye movements at-
tracted toward the flash can be elicited, triggered by the quick-phase generating
mechanism (response 2). In the next time interval incongruent responses may oc-
cur (response 3). Since the anti-signal has overcome the flash signal, the former de-
termines the vertical component. Its horizontal component, however, is dominated
by the quick-phase activity which, being horizontal, has no effect on the vertical
component. The scheme indicates that incongruent responses may be corrected in
midflight (response 4). Finally, correct fully voluntary responses are made when
both flash and quick-phase activity is suppressed (response 5).
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Chapter 6
Summary
This thesis describes experiments designed to investigate visual-vestibular interac-
tions in spatial orientation. The first part focuses on the perception of the direction
of gravity and the sense of self orientation. We investigated whether perceptual er-
rors present during passive whole body tilt were reduced during active self tilt. In
the second part of the thesis we investigated the effect of vestibular stimulation on
saccadic orienting movements. We studied the effect of passive head rotation on the
metrics and kinematics of saccades that were elicited by electrically stimulating the
monkey superior colliculus. Finally, to examine visual-vestibular interactions un-
derlying the control of rapid eye movements, we studied pro- and anti-saccade re-
sponses in human subjects during ongoing vestibular nystagmus. The next sections
summarize the results and conclusions of these experiments.
Chapter 2
One of the key questions in spatial perception is whether the brain has a common
representation of gravity that is generally accessible for various perceptual orien-
tation tasks. To evaluate this idea, we compared the ability of six tilted subjects to
indicate earth-centric directions in the dark with a visual and an oculomotor para-
digm and to estimate their body tilt relative to gravity. Subjective earth-horizontal
and earth-vertical data were collected, either by adjusting a visual line or by mak-
ing saccades, at 37 roll-tilt angles across the entire range. These spatial percep-
tion responses and the associated body-tilt estimates were subjected to a principal-
component analysis to describe their tilt dependence. This analysis allowed us: 1- to
separate systematic and random errors in performance, 2- to disentangle the effects
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of task (horizontal versus vertical) and paradigm (visual versus oculomotor) in the
space-perception data, 3- to compare the veridicality of space perception and the
sense of self-tilt.
In all spatial-orientation tests, whether involving space-perception or body-tilt
judgments, subjects made considerable systematic errors which mostly betrayed tilt
underestimation (A-effect) and peaked near 130◦ tilt. However, the A-effect was
much smaller in body-tilt estimates than in spatial pointing, implying that the un-
derlying signal processing must have been different. Pointing results obtained with
the visual and the oculomotor paradigm were not identical either but these differ-
ences, which were task-related (horizontal versus vertical), were subtle in compari-
son. The tilt-dependent pattern of random errors (noisy scatter) was almost identical
in visual and oculomotor pointing results, showing a steep monotonic increase with
tilt angle, but was again clearly different in the body-tilt estimates. These findings
are discussed in the context of a conceptual model in an attempt to explain how
the different patterns of systematic and random errors in external-space and self-tilt
perception may come about. The scheme proposes that basically similar computa-
tional mechanisms, working with different settings, may be responsible.
Chapter 3
Previous testing of the ability to set a luminous line to the direction of gravity in
passively-tilted subjects, in darkness, has revealed a remarkable pattern of system-
atic errors at tilts beyond 60◦, as if body tilt is undercompensated or underestimated
(Aubert or A-effect). We investigated whether these consistent deviations from ori-
entation constancy can be avoided during active body tilt, where more potential
cues about body tilt (e.g. proprioception and efference copy) are available. The ef-
fects of active body tilt on the subjective vertical and on the perception of self tilt
were studied in six subjects. After adopting a laterally-tilted posture, while stand-
ing in a dark room, they indicated the subjective vertical by adjusting a visual line
and gave their verbal estimate of head orientation, expressed on a clock scale. Head
roll tilts covered the range from -150 to +150◦.
The subjective vertical results showed no sign of improvement. Actively-tilted
subjects still exhibited the same pattern of systematic errors that characterized their
performance during passive tilt. Random errors in this task showed a steep mono-
tonic increase with tilt angle, as in earlier passive tilt experiments. By contrast,
verbal head-tilt estimates in the active experiments showed a clear improvement
and were now almost devoid of systematic errors, but the noise level remained
high. Various models are discussed in an attempt to clarify how these task-related
differences and the selective improvement of the self-tilt estimates in the active
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experiments may have come about.
Chapter 4
We investigated whether saccades evoked by electrical stimulation (E-saccades) in
the superior colliculus can compensate for passive sinusoidal head rotation so as to
keep the rapid gaze shift constant. After accounting for variations in E-saccade on-
set position, we found significant horizontal metric changes, proportional to head
velocity, in 31 out of 37 experiments in two monkeys. Vertical effects were small.
In a substantial fraction of the experiments (14/37) these metric changes repre-
sented significant but often insufficient compensatory adjustments in the horizon-
tal component, opposite to the direction of head movement. However, very ro-
bust violations of gaze-shift constancy were remarkably common: significant anti-
compensatory changes in the horizontal component occurred in 17/37 experiments.
In these cases, typically involving larger E-saccades, the horizontal component in-
creased in size with rotation into the half field containing the E-saccade and became
smaller during opposite rotation. Further analysis showed that, instead of showing a
dichotomy, the metric effect actually varied along a continuum from compensatory
to strongly anti-compensatory.
In addition to these metric changes, we found a robust kinematic effect of head
rotation in metrically-matched E-saccades. In all experiments where the effect was
significant (34/37), horizontal peak velocity increased for rotation into the half
field where the E-saccade was directed and decreased for opposite rotation. This
kinematic effect was again proportional to head velocity and predominant in the
horizontal component. Comparison of yaw and pitch rotation at the same stimula-
tion site showed that both expressions of vestibular-saccade interaction (metric and
kinematic) tended to align with the direction of rotation.
The component-specific nature of the modulation suggests that the effects may
have been caused by convergence of saccadic and vestibular signals at a component-
coding stage downstream of the colliculus. We suggest that the quick-phase system
got access to the common pulse generator as soon as the collicular stimulation had
opened the pause-cell gate. Adding such an anti-compensatory signal would act to
increase the E-saccade horizontal component when the monkey was rotated in the
same direction and bring about a decrease in size and peak velocity when it was
opposite. In the large majority of experiments the metric changes failed to maintain
gaze-shift constancy, either because they were in the wrong direction or because
they were too small. Possible reasons for this major departure from the properties
of natural gaze shifts are discussed.
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Chapter 5
To investigate saccade-vestibular interactions, five subjects were asked to make pro-
or anti-saccades to various oblique locations cued by a head-fixed flash while being
rotated sinusoidally in yaw (0.17 Hz; 73◦/s peak velocity) in complete darkness.
Eye movements were recorded with the coil technique.
In the pro-saccade task, targeting responses showed compensation for the in-
tervening nystagmus, but there was a clear increase in horizontal scatter. Most
quick phases directed away from the flash were suppressed from ∼100 ms onward
whereas quick phases toward the flash continued virtually unabated until visually-
triggered saccades began to appear. From 80 ms onward, these vestibularly-triggered
movements deviated toward the flash as a sign of visual modification.
In the anti-task experiments, suppression of quick phases away from the flash
was still just as strong as in the pro-saccade experiments so that performance in
these trials was almost as good as in stationary control conditions. Suppression of
quick phases directed toward the flash was a new phenomenon that emerged only
in anti-saccade experiments. Since this inhibition had a late onset and was only
partial, anti-saccade performance in toward trials was very poor with many initially
incorrect responses. At short latencies, both components of most rapid eye move-
ments were wrongly directed toward the flash. This was followed by a stage with
frequent incongruent responses in which unsuppressed quick phases provoked an
incorrect horizontal movement whereas the vertical component showed a correct
anti-response. At still longer latencies, most responses were correct in both com-
ponents.
The visual modification of short-latency responses in both tasks showed that
rapid eye movements could not simply be classified as either voluntary or reflexive,
suggesting instead that signals for voluntary and reflexive eye movements merged
into a compromise response. That vestibular rotation during the anti-task may cause
a wrongly-directed horizontal component resembling a quick phase, combined with
a vertical component expressing a correct anti-saccade signal, reveals a remarkable
independence at the component level. These observations indicate that one com-
ponent may be voluntary while the other has a reflexive origin and suggest that
voluntary and involuntary movements can be programmed in parallel. This behav-
ior is explained most parsimoniously by assuming that the two signals converge at
a component-coding stage of the system, rather than at a vectorial coding stage.
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Hoofdstuk 7
Samenvatting
Bij het lezen van deze regel springen je ogen van woord naar woord. Hierdoor
beweegt de afbeelding van de bladzijde over de retina. Ondanks deze bewegingen
lijkt de pagina stil in de ruimte te staan. De afbeelding op het netvlies kan ook
verschuiven of kantelen als gevolg van bewegingen van het hoofd. Dus hoewel de
positie en de orie¨ntatie van het beeld op het netvlies verschillend kunnen zijn, is het
percept ruimtevast. Het mechanisme dat aan het fenomeen van ruimteconstantheid
ten grondslag ligt, is een belangrijk onderwerp in de studie naar spatie¨le orie¨ntatie.
Een interessante afwijking van orie¨ntatie constantheid is eind 19de eeuw ont-
dekt door Aubert. Hij merkte dat een streep licht in een verder donkere kamer
leek te kantelen wanneer hij zijn hoofd zijwaarts boog. Dit fenomeen is uitgebreid
onderzocht gebruik makend van het subjectieve verticaal paradigma, waarin proef-
personen in het donker de orie¨ntatie van een visuele lijn moeten instellen zodat
deze parallel is met de richting van de zwaartekracht. Proefpersonen kunnen dit
zeer goed als het hoofd rechtop staat, maar maken grote systematische fouten tij-
dens zijwaartse kanteling. Het eerste gedeelte van dit proefschrift gaat in op de
perceptie van de buitenwereld, bepaald met de subjectieve horizontaal en verticaal
paradigma’s, en op de schatting van de eigen lichaamsstand. Onderzocht is of de
perceptuele fouten die aanwezig zijn als de proefpersoon wordt gekanteld (passie-
ve kanteling) kleiner zijn als de proefpersoon zelf een houding aanneemt waarbij
zijn hoofd gekanteld is (actieve kanteling). De resultaten laten duidelijk zien dat
fouten in de perceptie van de verticaal niet voorkomen uit foutieve schatting van de
lichaamsstand.
In het tweede gedeelte van het proefschrift wordt de generatie van snelle oog-
bewegingen tijdens passieve hoofdrotaties bestudeerd. Omdat primaten alleen ge-
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detailleerd kunnen zien met een klein gedeelte van het netvlies, de fovea, maken ze
snelle oogbewegingen (saccades) om de fovea te richten op objecten in de visuele
periferie. Deze saccades lijken sterk op de snelle oogbewegingen tijdens hoofdro-
taties, de zogenaamde snelle fasen van vestibulaire nystagmus. Bekend is dat het
saccadisch en het vestibulair systeem gebruik maken van hetzelfde neuraal circuit
tijdens de generatie van oogbewegingen. In hoofdstukken 4 en 5 worden experi-
menten beschreven waarin het saccadisch systeem en het snelle-fase systeem tege-
lijkertijd worden geactiveerd om inzicht te krijgen in de interactie tussen visuele
en vestibulaire signalen in de sturing van snelle oogbewegingen. De volgende pa-
ragrafen vatten de resultaten en conclusies dit proefschrift samen.
Hoofdstuk 2
Een van de kernvragen in spatie¨le perceptie is of het brein gebruik maakt van een
centrale representatie van de zwaartekracht die gebruikt wordt in diverse percep-
tuele orie¨ntatie taken. Om dit idee verder te onderzoeken, zijn zes proefpersonen
gekanteld en geı¨nstrueerd de horizontaal en de verticaal in wereldcoo¨rdinaten aan te
geven met een visueel en een oculomotor paradigma. Deze resultaten zijn vergele-
ken met schattingen van de eigen lichaamsstand ten opzichte van de zwaartekracht.
De subjectieve horizontaal en verticaal data zijn verzameld door het instellen van
een visuele lijn of door het maken van saccades tijdens 37 kantelhoeken verspreid
over de gehele bereik van -180 tot +180◦. De kantelhoek afhankelijkheid van deze
spatie¨le perceptie responsen en bijbehorende schattingen van lichaamsstand werd
gekarakteriseerd met een principale componenten analyse. Deze analyse maakte
het mogelijk om: 1- onderscheid te maken tussen systematische en willekeurige
fouten, 2- de effecten van taak (horizontaal versus verticaal) en paradigma (visueel
versus oculomotor) te ontrafelen, 3- de perceptie van de ruimte te vergelijken met
het gevoel voor lichaamsstand.
Proefpersonen maakten grote systematische fouten in alle testen van spatie¨le
orientatie, zowel in de perceptie van de ruimte als in beoordelingen van de li-
chaamskanteling. Fouten waren maximaal rond 130◦ kanteling en weerspiegelden
het effect van onderschatting van de kantelhoek (A-effect). Het A-effect was ech-
ter veel kleiner in de schattingen van lichaamsstand dan in de spatie¨le wijstaken,
hetgeen wijst op een verschillende onderliggende signaalbewerking. De taakafhan-
kelijke verschillen tussen het visuele en oculomotor paradigma waren in vergelij-
king subtiel. Het kantelhoek afhankelijk patroon van willekeurige fouten (ruis) was
bijna gelijk in de visuele en oculomotor wijstaken, beide lieten een monotoon stij-
gend verband zien, maar was weer duidelijk verschillend in de schattingen van de
lichaamsstand. Deze bevindingen worden besproken in de context van een concep-
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tueel schema in een poging te verklaren hoe de verschillende patronen van systema-
tische en willekeurige fouten in perceptie van de ruimte en de eigen lichaamstand
ontstaan. Het schema suggereert dat dezelfde rekenkundige mechanismen, werkend
met verschillende instellingen, hiervoor verantwoordelijk zijn.
Hoofdstuk 3
Tijdens passieve lichaamskanteling in het donker maken proefpersonen grote syste-
matische fouten in het parallel zetten van een visuele lijn aan de zwaartekracht. Een
opmerkelijk patroon van systematische fouten treed op bij kantelingen groter dan
60◦, alsof de kantelhoek is onderschat of niet voldoende in rekening is gebracht
(A-effect). We hebben onderzocht of deze consistente afwijkingen van orie¨ntatie
constantheid vermeden kunnen worden tijdens actieve kanteling, waarin meer aan-
wijzingen over lichaamskanteling aanwezig zijn (zoals proprioceptie en efferente
copie). De effecten van actieve kanteling op de subjectieve verticaal en op de per-
ceptie van lichaamsstand werden bestudeerd bij zes proefpersonen. Staand in een
verduisterde kamer, namen zij een houding aan waarbij hun hoofd zijwaarts gekan-
teld was. Vervolgens stelden zij de orie¨ntatie van een visuele lijn in parallel aan
de zwaartekracht en rapporteerden hun schatting van hoofdkanteling, uitgedrukt in
een minutenschaal. Hoofdkantelingen van -150 tot +150◦ werden gemaakt.
De resultaten van de subjectieve verticaal lieten geen verbetering zien. Het ka-
rakteristieke patroon van systematische fouten tijdens passieve kanteling was ook
aanwezig tijdens actieve kanteling. Willekeurige fouten lieten een monotoon stij-
gende relatie zien met kantelhoek, net zoals in de passieve experimenten. Systema-
tische fouten in de schattingen van hoofdkanteling waren daarentegen bijna afwe-
zig, bij gelijkblijvend hoog ruisniveau. Diverse modellen worden besproken om te
verklaren hoe deze taak gerelateerde verschillen en de selectieve verbetering van
de kantel schattingen in de actieve experimenten kunnen ontstaan.
Hoofdstuk 4
We hebben onderzocht of saccades opgewekt door electrische stimulatie (E-sac-
cades) in de superior colliculus kunnen compenseren voor passieve sinusoidale
hoofdrotatie om de snelle oog-hoofd beweging constant te houden. Na het in re-
kening brengen van variaties in initie¨le oogpositie, vonden we significante ver-
anderingen proportioneel met hoofdsnelheid in de horizontale metriek in 31 van
de 37 experimenten in twee apen. Verticale effecten waren klein. Deze metrische
veranderingen waren in een aanzienlijk gedeelte van de experimenten (14/37) sig-
nificante, maar meestal onvolledige compensatoire aanpassingen in de horizontale
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component, tegengesteld aan de richting van hoofdbeweging. Robuste afwijkingen
van constantheid van de oog-hoofd beweging kwamen veelvuldig voor: 17/37 ex-
perimenten lieten significante anti-compensatoire veranderingen in de horizontale
component zien. In deze gevallen, meestal bij grotere E-saccades, nam de horizon-
tale component toe in grootte met rotatie in het halfveld van de E-saccade en werd
kleiner tijdens tegengestelde rotaties. In plaats van een scherpe tweedeling was het
metrisch effect continu verdeeld tussen twee tegengestelde extremen.
Naast deze metrische veranderingen vonden we een robust kinematisch effect
van hoofdrotatie op metrisch gelijke E-saccades. In alle experimenten met een sig-
nificant effect (34/37) nam horizontale pieksnelheid toe tijdens rotaties in het half-
veld van de E-saccade en werd kleiner tijdens tegengestelde rotaties. Het kinema-
tisch effect was ook proportioneel met hoofdsnelheid en vooral aanwezig in de
horizontale component. Vergelijking van rotaties om horizontale of verticale as bij
dezelfde stimulatieplaats liet zien dat beide uitingen van vestibulair-saccade inter-
actie (metrisch en kinematisch) vaak dezelfde richting hebben als de draairichting.
De component-specifieke aard van de modulatie suggereert dat de effecten
voort kunnen komen uit het samengaan van saccadische en vestibulaire signalen
in een stadium waar componenten gecodeerd worden, lager dan de colliculus. We
veronderstellen dat het snelle-fase systeem toegang krijgt tot de gezamenlijke puls-
generator op het moment dat stimulatie in de colliculus de pauze-cel blokkade op-
heft. De bijdrage van dit anti-compensatoir signaal zorgt voor een toename in de
grootte en pieksnelheid van de horizontale component tijdens rotaties in dezelfde
richting en een afname tijdens tegengestelde rotaties. De metrische veranderingen
in de meerderheid van de experimenten schoten tekort om de oog-hoofd bewe-
ging constant te houden, hetzij omdat ze de verkeerde richting hadden of omdat ze
te klein waren. Mogelijke redenen voor deze belangrijke afwijking van de eigen-
schappen van natuurlijke oog-hoofd bewegingen worden besproken.
Hoofdstuk 5
Vijf proefpersonen werden geı¨nstrueerd om pro- of anti-saccades te maken naar
geflitste visuele doelen tijdens sinusoidale rotatie om een verticale as (0.17 Hz;
73◦/s pieksnelheid) in het volledig donker. Oogbewegingen werden gemeten met
de oogspoel techniek.
Proefpersonen compenseerden voor de tussenliggende nystagmus in the pro-
saccade taak, hoewel er een duidelijke toename van de horizontale spreiding was.
Het merendeel van de snelle fasen die het oog van de flits vandaan bewegen, werd
vanaf∼100 ms onderdrukt, terwijl snelle fasen naar de flits toe gewoon doorgingen
totdat visueel uitgelokte saccades verschenen. Vanaf 80 ms weken deze vestibulair
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uitgelokte snelle fasen af in de richting van de flits als een teken van visuele modi-
ficatie.
Onderdrukking van snelle fasen van de flits vandaan was even sterk in de anti-
saccade experimenten als in de pro-saccade experimenten waardoor het aantal fou-
tieve responsen naar de flits ongeveer even laag was als in de stationaire controlle
conditie. Onderdrukking van snelle fasen naar de flits toe was een nieuw fenomeen
dat alleen optrad in anti-saccade experimenten. Omdat deze remming laat begon en
bovendien niet volledig was, waren er veel initieel foute responsen in deze conditie.
Beide componenten van snelle oogbewegingen met korte latenties waren vaak fou-
tief gericht naar de flits. Oogbewegingen die later startten bestonden vaak uit een
foutieve horizontale component in combinatie met een correcte verticale compo-
nent. Responsen waarvan beide componenten correct naar anti-doel gericht waren,
hadden meestal nog langere latenties.
De visuele modificatie van oogbewegingen met korte latenties suggereert dat
signalen voor vrijwillige en reflexmatige oogbewegingen samengingen in een com-
promis-respons. Dat rotatie tijdens de anti-taak kan leiden tot een horizontale com-
ponent in de verkeerde richting terwijl de verticale component een correct anti-
signaal weerspiegelt, wijst op een opmerkelijke onafhankelijkheid op het compo-
nent niveau. Deze observaties geven aan dat de ene component vrijwillig kan zijn
terwijl de andere een reflexmatige oorsprong heeft. Dit suggereert dat vrijwillige
en reflexmatige bewegingen parallel geprogrammeerd kunnen worden. Dit gedrag
kan beter verklaard worden door aan te nemen dat de twee signalen convergeren op
een niveau in het systeem waar componenten gecodeerd worden dan op een vector
gecodeerd stadium.
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